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The distribution, fractionation, and application of the 210Po/210Pb system: Insights from 
three GEOTRACES transects 
by 
Yi Tang 
Advisor: Gillian Stewart 
The sinking flux of particles is an important pathway for the removal of carbon and 
other elements from the surface ocean via the biological pump. The 210Po/210Pb 
disequilibrium method can be used to study particle export at high spatial resolution over 
the time scale of months. The distribution of 210Po and 210Pb activity was measured during 
two GEOTRACES transects of the North Atlantic and one GEOTRACES transect of the 
eastern tropical South Pacific. This dissertation aimed to advance the knowledge and 
improve methods of the application of the 210Po/210Pb pair to quantify particle export in a 
variety of marine environments.  
First, we describe the influence of particle concentration and composition on the 
fractionation of 210Po and 210Pb in the subtropical North Atlantic (Chapter 2). There was a 
strong relationship between 210Po and both CaCO3 and particulate organic carbon (POC), 
as well as between 210Pb and both opal and lithogenic material. We developed an end-
member mixing model to predict the bulk partition coefficient (Kd) for 
210Po and 210Pb. The 
model could accurately predict the Kd





as much accuracy, indicating that some important scavenging agent or process for 210Po 
were missing from the model. These results support the known complicated cycling of 
210Po in particles due to its bio-reactive behavior.  
Second, we investigated the relationship between the particulate 210Po/210Pb activity 
ratio (AR) and apparent oxygen utilization (AOU) in the subpolar North Atlantic (Chapter 
3). Two distinct relationships suggested the source of the particles (e.g., fresh particles vs. 
refractory particles), and the main biogeochemical processes (e.g., respiration, 
remineralization, oxidation) and time that were governing the 210Po/210Pb AR in the 
particles. This result may provide insights into the missing scavenging process for 210Po in 
the end-member mixing model that have been proposed in the subtropical North Atlantic.  
Third, we calculated the export flux of particulate organic carbon (POC) from the 
upper water of the subpolar North Atlantic by using the 210Po/210Pb disequilibrium method 
(Chapter 4). We then compared the POC flux derived from the 210Po/210Pb pair to the POC 
flux derived from the 234Th/238U pair. POC fluxes estimated from the two pairs agreed 
within a factor of 3 and the differences were attributed to integration timescales of the two 
nuclide pairs and the history of bloom events.  
Lastly, we evaluated the assumptions of the traditional 1-D steady-state 210Po/210Pb 
export model across the three GEOTRACS transects (Chapter 5). The validation of each 
assumption for the individual transects was studied, and some possible bias introduced by 
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1.1 The oceanic sink for anthropogenic carbon dioxide (CO2) 
The rapid increase of greenhouse gas (GHG) emissions due to human activities has 
been recognized as the main driver of the recent observed changes in the climate system. 
From 1750, the beginning of the Industrial Era, to 2011, about 2040 ± 310 GtCO2 was 
emitted into the atmosphere as a result of fossil fuels combustion, cement and flaring, and 
forestry and other land use (IPCC, 2014). About 40% of these emissions have remained in 
the atmosphere. The rest was removed by the “sinks” in the ocean and land reservoirs. The 
ocean has absorbed about 2.4 ± 0.5 GtC yr-1 during the decade between 2008 and 2017 
(Fig. 1.1; Le Quéré et al., 2018). Without this oceanic CO2 sink, the concentration of CO2 
in the atmosphere would be much higher today than what is currently observed (~ 405 ppm) 
(Sabine et al., 2004; Dlugokencky and Tans, 2018).  
The oceanic CO2 sink is controlled by a combination of two processes: the 
“solubility pump” and the “biological pump” (Volk and Hoffert, 1985; Sarmiento and 
Bender, 1994). The two processes also govern the concentration gradient of dissolved 
inorganic carbon (DIC, i.e. CO2 + HCO3
- + CO3
2-) throughout all ocean regions and vertical 
depths (Sarmiento and Bender, 1994).  
The abiotic solubility pump is the process of the dissolution of CO2 from the 
atmosphere into seawater. Cold and saline waters can hold more CO2 at equilibrium with 
the atmosphere, and sequestration of atmospheric CO2 is therefore more profound in the 
high latitude oceans where cold and dense water masses are formed (Falkowski et al., 2000). 




phytoplankton at the surface of the ocean and the subsequent transport to depth by sinking 
of particulate and dissolved organic matter, and by active transport via diel vertical 
migration of zooplankton and fish (Volk and Hoffert, 1985; Ducklow et al., 1995; 
Steinberg et al., 2000; Ducklow et al., 2001; Turner, 2015). Both the solubility and 
biological pumps tend to increase the deep water DIC concentration, creating a vertical 
concentration gradient of DIC. Specifically, the solubility pump explains about 30-40% of 
today’s ocean surface-to-depth DIC gradient whereas the biological pump is responsible 
for the remaining two thirds of this DIC gradient (Toggweiler et al., 2003; Riebesell et al., 
2009).  
In addition to the organic biological pump or “soft-tissue pump”, the “carbonate 
counter pump” also mediates the removal of inorganic carbon from surface waters against 
a DIC gradient. The organic biological pump and carbonate counter pump are counteractive 
with respect to their impact on air-sea CO2 exchange. The formation of CaCO3 material by 
calcifying plankton and its subsequent precipitation lower the surface DIC concentration, 
it however simultaneously causes an increase in the partial pressure of CO2 (Falkowski et 
al., 2000; Zeebe, 2012). Kwon et al. (2011) studied the sensitivity of atmospheric CO2 to 
changes in the soft-tissue pump versus carbonate counter pump. They found that for a 
globally-averaged increase in respired carbon of 10 µmol kg-1, the soft-tissue pump 
decreases atmospheric CO2 by 5.3%, while the carbonate counter pump increases 
atmospheric CO2 by about 3.4%, leading to a net 2% reduction in atmospheric CO2 when 
both pumps are considered. Without the control from both pumps on the vertical DIC 
gradient in the ocean, the atmospheric CO2 concentration would, according to numerical 






Figure 1. 1 Schematic representation of the overall perturbation of the global carbon 
cycle caused by anthropogenic activities, averaged globally for the decade 2008-2017. 
See legends for the corresponding arrows and units (adapted from Le Quéré et al., 2018). 
1.2 The biological pump 
The biological pump consists of a suite of biological, physical, and chemical 
processes (Fig. 1.2), governing the transfer of carbon and many other elements in the ocean. 
Atmospheric CO2 is converted into particulate organic carbon (POC) by phytoplankton in 
the upper ocean, forming the input term for the biological pump. The subsequent export of 




and advection, and the active transport of carbon via vertical migration of animals remove 
the organic matter from the surface to deeper layers of the ocean. Nevertheless, most 
studies of the biological pump have focused on the process of sinking of particles as it was 
assumed to be the dominant mechanism of the biological pump (e.g., Ducklow et al., 2001; 
De La Rocha and Passow, 2007; Honjo et al., 2008).  
A few parameters are fundamental in understanding the biological pump. First, total 
primary production (TPP) represents the sum of ‘new production’ (NP) and ‘regenerated 
production’ (RP). NP is the production generated by nitrate from external sources including 
upwelling and river discharge, while RP is the production fuelled by the nitrogen supplied 
by recycling processes in the euphotic zone (Ez) or the mixed layer (Dugdale and Goering, 
1967). The two ratios that are frequently used to describe the strength of the biological 
pump are e-ratio (export efficiency) and f-ratio. The e-ratio is the fraction of TPP that is 
exported from the Ez (Eppley and Peterson, 1979), while the f-ratio is the fraction of TPP 
that is supported by ‘new’ nitrogen and expressed as NP/(NP+RP) (Dugdale and Goering, 
1967). Over large time and space scales, the e-ratio is expected to be equivalent to the f-
ratio (Eppley and Peterson, 1979).  Export production is typically estimated in a relatively 
small spatial scale using the isotope tracer methods (e.g., 234Th or 210Po) or sediment traps 
(Buesseler, 1998; Lampitt et al., 2008; Owens et al., 2013; Roca-Martí et al., 2016). On the 
global scale, carbon export can be derived from the empirical algorithms relating the e-
ratio to remotely sensed parameters, including sea surface temperature, primary production, 
and/or chlorophyll (Laws et al., 2000; Dunne et al., 2005; Henson et al., 2011). The export 
efficiency varies considerably across the oceans: it is low in a large portion of the global 




Trull, 2007; Henson et al., 2011; Puigcorbé et al., 2017). Sea surface temperature (SST) is 
the main factor for the large range in export efficiency in the global ocean, with higher 
export efficiency in the temperate and subpolar northern hemisphere than in sub-tropical 
waters (Henson et al., 2011). In addition, ecosystem structure appears to be an important 
secondary control over the export efficiency. For instance, high export efficiency (i.e., 
ThEi-ratio = 0.5 ± 0.1) observed in the Southern Ocean is suggested to be due to high 
grazing and effective fecal pellet export (Le Moigne et al., 2016).  
Much of the primary production exported from the Ez as POC is remineralized 
primarily by bacteria and zooplankton in the mesopelagic zone (the base of the Ez to 1000 
m) (Giering et al., 2014; Turner, 2015); only ~3% of the exported POC reaches 
bathypelagic depths (> 1000 m) (De La Rocha and Passow, 2007). The efficiency of the 
biological pump, or transfer efficiency, is defined as the fraction of exported carbon that 
reaches a given depth below the depth of export. The ultimate depth at which the POC is 
remineralized determines the residence time of the exported carbon and therefore 
determines how long this carbon is stored in the deep ocean. Passow and Carlson (2012) 
noted that the “export flux” from the base of the Ez and the “sequestration flux” from the 
base of the mesopelagic zone store the carbon within the ocean for decades and centuries, 
respectively.  
The downward transport of POC by the biological pump is mediated by many 
factors in the ocean (Fig. 1.2). The surface abundance and composition of plankton 
communities has been shown to be the main control on the magnitude of export (Boyd and 




2012). Among phytoplankton the diatoms contribute significantly to the export flux of 
carbon into the ocean interior due to the formation of large and rapidly sinking aggregates 
(Smetacek, 1985; De La Rocha and Passow, 2007; Iversen and Robert, 2015). It is 
generally assumed that small cells like picoplankton (< 2 µm) contribute little to carbon 
export. However, recent studies increasingly suggest that small phytoplankton, including 
picoplankton cells, could contribute to carbon export flux (Richardson and Jackson, 2007; 
Guidi et al., 2009; Dall'Olmo and Mork, 2014; Puigcorbé et al., 2015; Giering et al., 2016) 
probably due to a high degree of particle reprocessing with potential for accelerated sinking 
(Bach et al., 2016). Zooplankton grazing and subsequent repackaging into dense, fast-
sinking fecal pellets, and vertical migration also play an important role in mediating the 
POC flux (Laurenceau-Cornec et al., 2015; Turner, 2015; Hansen and Visser, 2016). 
Temperature has been found to correlate with the POC flux attenuation, which is explained 
by the temperature dependence of the remineralization rate: a slowdown of microbial 
utilization of carbon as temperature decreases (Pomeroy et al., 1991; Laws et al., 2000; 
Marsay et al., 2015). 
Vertical export of POC flux via the biological pump is controlled by a suite of 
processes and their interactions. The relative and global importance of these processes is 
generally poorly understood (Burd et al., 2016). There is a great need for high-resolution 
observations at a variety of locations to improve our understanding in the export 
mechanisms (Gloege et al., 2017). This will provide critical support for the global 
evaluation of POC flux parameterizations in order to reliably predict future change in the 






Figure 1. 2 Schematic of the biological pump in the ocean (from Turner, 2015). 




the euphotic zone. A combination of physical and biological processes (e.g. advection or 
vertical mixing, gravitational sinking, and process or transport by zooplankton and fish) 
pump POC from the surface ocean to depth. 
1.3 Methods of measuring particle export flux 
The only direct method for estimating POC export flux utilizes sediment traps to 
collect sinking particles (Buesseler et al., 2007). There are several indirect methods by 
which POC export flux can be estimated such as those based on bottle incubations and 
budgets of nutrients (Eppley, 1989; Sanders et al., 2005), of oxygen (Jenkins, 1982), or by 
parameterizations of numerous biological processes (Laws et al., 2000; Dunne et al., 2005; 
Gloege et al., 2017). An alternative indirect method to estimating POC export flux is the 
use of naturally occurring particle-reactive radionuclides (i.e., 234Th and 210Po). Of all these 
methods sediment traps and the use of particle-reactive radionuclides have traditionally 
been used to measure export flux on relatively small spatial and temporal scales.  
Sediment traps are designed to collect sinking particles during their transit to depth. 
By collecting material along a depth profile, sediment traps can provide direct estimates of 
the magnitude and vertical attenuation of export flux of POC in the ocean along with the 
knowledge about the nature of the particles and the rate at which they degrade (e.g., Lampitt 
et al., 2008). Several issues associated with sediment traps however may bias collection 
efficiencies and ultimate flux estimates, including the hydrodynamic biases, the loss of 
material after collection, and the capture of “swimmers” (Buesseler et al., 2007). Progress 
has been made in reducing hydrodynamic effects and contamination by “swimmers” with 




velocity sediment traps) (Buesseler et al., 2000; Lampitt et al., 2008; Lee et al., 2009; 
Sherman et al., 2011). 
1.4 Radionuclide pairs for measuring particle export   
The radioactive disequilibria between parent-daughter pairs in the 238U, 232Th and 
235U decay series have been used to measure the rate of marine processes since the 1960s 
(Moore and Sackett, 1964; Bhat et al., 1968; Moore, 1969; Shannon et al., 1970). In 
particular, 234Th/238U and 210Po/210Pb pairs in the 238U decay series (Fig. 1.3) are suited to 
measure particle fluxes in the surface ocean because (1) the rate of particle export and the 
half-lives of 234Th and 210Po are matched in magnitude, and (2) both 234Th and 210Po are 
more rapidly removed by sinking particles relative to their parents (Cochran and Masqué, 
2003).  
U-238 (T1/2 = 4.5 ´109 y) is highly soluble and behaves conservatively with respect 
to salinity (Owens et al., 2011). In contrast, 234Th (T1/2 = 24.1
 d) is relatively short-lived 
and highly reactive to particles in seawater. As a result, when 234Th is adsorbed onto 
particle surfaces and removed from the upper ocean, a deficit of 234Th activity from that 
expected at secular equilibrium with 238U activity is created. The flux of 234Th onto particles 
at a given depth can be derived by integrating the deficit of 234Th activity over this depth. 
The 234Th flux can then be converted into the flux of POC by multiplying by the ratio of 
the concentration of POC to the activity of 234Th on sinking particles measured at the depth 




Pb-210 (T1/2 = 22.3 y) in seawater has two sources: (1) from the decay of 
226Ra (T1/2 
= 1600 y) to 222Rn (T1/2 = 3.8 d) followed by four short-lived products (Fig. 1.3), and (2) 
from atmospheric deposition. After exhalation from rocks and soils, gaseous 222Rn decays 
to 210Pb in the atmosphere, which readily attaches to aerosol particles. As the aerosol 
particles are removed from the atmosphere by dry and wet deposition, their associated 210Pb 
will be introduced to the surface ocean, causing the 210Pb/226Ra activity ratio to be greater 
than one in surface water (Cochran et al., 1990). Po-210 (T1/2 = 138.4 d) is produced by the 
decay of 210Pb via short-lived 210Bi (T1/2 = 5.0 d). The atmospheric deposition of 
210Po to 
the surface is only about 10-20% that of the 210Pb flux due to the short residence time of 
210Pb in the atmosphere (Turekian et al., 1977; Lambert et al., 1982). Both 210Po and 210Pb 
are particle reactive and can bind to particle surfaces. Additionally, 210Po can also be 
incorporated into the cytoplasm of the cells of bacteria and phytoplankton (Fisher et al., 
1983; Cherrier et al., 1995; Stewart and Fisher, 2003b) and bioaccumulated through the 
food chain (Stewart and Fisher, 2003a; Stewart et al., 2005). Thus, 210Po may be more 
rapidly removed from the surface ocean by sinking particles, creating a deficit of 210Po 
activity relative to its parent in the surface water. By integrating this deficit over a certain 
depth with the assumptions of steady state (SS) and negligible advection and diffusion (1-
D), a 1-D SS flux of 210Po at that depth can be derived. Then the flux of POC can be 






Figure 1. 3 The decay pathways and half-lives of isotopes in the 238U decay chains. 
Arrows that point downward indicate a decay (decreasing in atomic number by 2 and 
atomic mass by 4). Arrows that slant upward to the right indicate b decay (increasing in 




1.5 Unresolved questions in the application of 210Po/210Pb pair 
The 1-D SS removal flux of 210Po and the observed 210Po deficiency have displayed 
a significant positive correlation with chlorophyll-a (r2 = 0.834) and POC (r2 = 0.61) 
concentrations, respectively (Nozaki et al., 1997; Sarin et al., 1999). Therefore, a larger 
removal flux and deficiency of 210Po would be expected in the more productive areas of 
the ocean, where the population of sinking biogenic particles is larger. However, this 
positive correlation has been found in conflict with the global data compiled by Kim (2001) 
which suggested a negative relationship between 210Po deficiency (removal flux of 210Po) 
and primary productivity. The compiled results suggested that 210Po deficiencies decrease 
as oceanic productivity increases with unusually large 210Po deficiency in the oligotrohpic 
(low primary productivity) oceans (Fig. 1.4). Similar unusually large 210Po deficiencies in 
the oligotrophic oceans have been highlighted by some other research groups as well 
(Chung and Finkel, 1988; Nozaki et al., 1990). Kim (2001) hypothesized that 210Po is 
efficiently taken up by bacteria and transferred to higher trophic levels (i.e., nekton), 
leaving a high 210Po deficiency in the oligotrophic environment. In contrast, in the 
eutrophic ocean where larger phytoplankton biomass constitutes the largest carbon pool 
(Simon et al., 1992), the macro-phytoplankton is less efficient in taking up 210Po relative 
to bacteria probably due to fewer binding sites on the cell surfaces, resulting in a lower 
210Po deficiency in the upper ocean. This pattern is possibly supported by the positive 
relationship between the cell surface area to volume ratios and the volume concentration 




To date, the controversy between Nozaki et al. (1997) and Kim (2001) is still 
lacking resolution. In this thesis, this unsolved question is investigated from two aspects. 
First, the particle concentration and composition, and biogeochemical processes in the 
scavenging and fractionation of 210Po and 210Pb is examined. Second, the assumptions 
usually made in the 1-D SS 210Po export model are reassessed. The implications of the 
results are used to expand our knowledge of the use of the 210Po/210Pb pair to estimate 
carbon export from the upper water column of various oceanic conditions.   
 
Figure 1. 4 The total deficiencies of 210Po relative to 210Pb activity typical in the upper 
ocean (~1200 m) and removal fluxes of 210Po at 500 m (from Kim, 2001). 
1.6 Regions of study 
The GEOTRACES program is an international study of the global marine 




GEOTRACES program is “to identify processes and quantify fluxes that control the 
distributions of key TEIs in the ocean” (GEOTRACES Planning Group, 2006). In this 
thesis, three cross-basin surveys were conducted as part of the U.S. and French 
GEOTRACES programs; two were in the North Atlantic and one was in the southeastern 
tropical Pacific. A general overview of the two regions is given in Sect. 1.6.1 and 1.6.2, 
respectively. Chapters 2-5 provide more detailed descriptions on the chemical, biological 
and physical geography of each survey.  
1.6.1 North Atlantic 
The North Atlantic plays an important role in the global climate system. The basin-
wide Atlantic meridional overturning circulation (AMOC) is a key means by which near-
surface waters are transported northwards, and colder deep waters are transported 
southwards, resulting in heat sequestration into the ocean’s interior. In addition, the North 
Atlantic represents about one-third of the present ocean sink for atmospheric CO2 
(Takahashi et al., 2009) and stores more than 23% of the total oceanic anthropogenic CO2 
(Sabine et al., 2004).  
The first study region is the subtropical North Atlantic (~15 – 40 °N) and samples 
were collected from the U.S. GEOTRACES GA03 North Atlantic zonal transect (NAZT). 
The first leg of the cruise was from Lisbon, Portugal to the Cape Verde islands (October 
15 – November 4, 2010), and the second leg of the cruise was from Woods Hole, MA to 
the Cape Verde islands (November 6 – December 11, 2011). This region receives the 




2005). Being a source of micronutrients and providing scavenging surfaces, such dust 
deposition could result in an increase in primary production and POC export (Ye and 
Völker, 2017).   
The second region of interest is the subpolar North Atlantic and sampling was 
carried out on the French GEOTRACES GEOVIDE cruise (GA01) between May 15 and 
June 30, 2014. The cruise started from Lisbon, Portugal, headed north to Greenland and 
ended in St. John’s, Canada.  The cruise track spanned several geochemical regions, 
including the Iberian, Western European, Iceland, Irminger, and Labrador Basins. The 
distribution of high frequency spring and summer blooms tracks the Labrador and 
Greenland Currents, whereas low frequency blooms are found in the Iceland and Irminger 
Basins where phytoplankton growth is iron limited (Nielsdóttir et al., 2009; Moore et al., 
2013; Ryan-Keogh et al., 2013). In this high-latitude North Atlantic region, there is 
particular interest in studying how carbon is transported to the deep ocean by both 
ventilation and particle sinking. For particle sinking specifically, we are interested in 
knowing how the removal mechanism for POC and the magnitude of POC export are 
related to the different stages of the bloom.   
1.6.2 Eastern tropical South Pacific 
The third study region is the eastern tropical South Pacific and samples were 
collected from the U.S. GEOTRACES GP16 Eastern Pacific zonal transect (EPZT) 
between October 29 and December 18, 2013. The cruise began off the coast of Lima, Peru, 




hydrothermal plume westwards, and ended in Tahiti. This region covers the high-
productivity Peru coastal upwelling system, home to one of the largest oxygen minimum 
zones (OMZs) globally, and the oligotrophic region on the edge of the South Pacific 
Subtropical Gyre. The contrasting oceanographic biomes and geochemical regions along 
the transect provide opportunities for examining changes in radionuclide distribution and 
POC export. High rates of productivity in the surface water, coupled with poor ventilation 
and sluggish circulation, are known to lead to oxygen-deficient midwater depths in the 
ocean (Ulloa et al., 2012). Global warming has reduced oxygen solubility and increased 
water-column stratification (Bopp et al., 2002; Matear and Hirst, 2003), causing expansion 
and intensification of OMZs (Stramma et al., 2008; Shaffer et al., 2009). To date, only a 
few studies have investigated upper ocean export in the tropical OMZs in the Pacific 
(Devol and Hartnett, 2001; Van Mooy et al., 2002; Dale et al., 2015; Cavan et al., 2017). 
There is a great need to advance our understanding of the role of the world’s largest OMZs 
in transfer of POC to the deep ocean. 
1.7 This thesis   
The central objective of this thesis is to advance the knowledge and methods about 
the application of the 210Po/210Pb pair to quantify export in a variety of marine 
environments. This objective is reached in Chapters 2, 3, 4, and 5. A final chapter 
summaries the main findings of this work, discusses some open questions, and provides 




Chapter 2 assesses the particle concentration and composition effect on the 
partitioning behavior of 210Po and 210Pb in the subtropical North Atlantic. The relationships 
between 210Po, 210Pb, and particle composition in the upper 500 m are examined. An end-
member mixing model is first developed to estimate the particle partitioning coefficient 
(Kd) for 
210Po and 210Pb activity. The relative robustness of the model for 210Po and 210Pb 
reflects the different biogeochemical behavior of the two isotopes. 
Chapters 3 and 4 focus on the subpolar North Atlantic. In Chapter 3, the relationship 
between the particulate 210Po/210Pb activity ratio (AR) and apparent oxygen utilization 
(AOU) in the upper 200 m are examined. The results have provided insights into the 
impacts of the rate of biogeochemical processes (e.g., respiration, remineralization, 
oxidation) and time on the 210Po/210Pb AR. The role of small particles in scavenging both 
210Po and 210Pb is highlighted, resulting in the recommendation of incorporating the small 
size fraction in order to quantify POC export using the 210Po/210Pb pair.  
Chapter 4 presents the results of the magnitude and efficiency of the POC export 
across the subpolar North Atlantic basin. The export is estimated at four depths: the mixed 
layer depth (MLD), the base of Ez (Z1%), the primary production zone (PPZ), and the 
234Th-
238U equilibrium depth (ThEq). In Chapter 4, POC export fluxes derived from the 
210Po/210Pb pair and the 234Th/238U pair are compared and the differences are attributed to 
integration timescales and the history of bloom events.   
Chapter 5 addresses fundamental issues in the assumptions of the traditional 1D SS 




Atlantic and one transect of the eastern tropical South Pacific demonstrate some 
unexpected export patterns, such as unusually large export in the subtropical gyre and 
smaller export near the margins. The validation of each assumption for the individual 
transects is discussed, resulting in recommendations for both sampling and model 





The influence of particle concentration and composition on 
the fractionation of 210Po and 210Pb along the North Atlantic 





This chapter was originally published as: 
Tang, Y., Stewart, G., Lam, P. J., Rigaud, S., Church, T. (2017). The influence of 
particle concentration and composition on the fractionation of 210Po and 210Pb along the 
North Atlantic GEOTRACES transect GA03. Deep Sea Research Part I: Oceanographic 






The disequilibrium between 210Po and 210Pb has been used as a proxy for the particle 
flux from the upper ocean. The particle concentration and composition effect on the 
partitioning behavior of 210Po and 210Pb is, however, still unclear. Here, we investigate this 
association by comparing dissolved (< 0.45 µm) and particulate (small: 1-51 µm; large: > 
51 µm) 210Po and 210Pb activity with size-fractionated major particle concentration and 
composition data from the US GEOTRACES GA03 zonal transect cruises. We observed 
inverse relationships between partition coefficients (Kd) for the radionuclides and the 
concentration of suspended particulate matter (SPM) in the water column, known as the 
“particle concentration effect.” We examined the relationships between 210Po, 210Pb, and 
particle composition in the top 500 m by using Pearson pairwise correlations for individual 
phases and principal components analysis (PCA) for variations among multiple phases. In 
addition to these analyses, an end-member mixing model was developed to estimate Kd for 
210Po and 210Pb in the small particulate size fraction from the compositional phases. The 
model predicted the range of observed Kd(Pb) well, but was unable to predict the observed 
Kd(Po) as consistently, possibly because of the bio-reactive nature of 
210Po. Despite this, 
we found a strong relationship between 210Po and both CaCO3 and POM, as well as between 
210Pb and both opal and lithogenic phases. All of our analyses demonstrated that the 







210Po (T1/2 = 138.4 d) and 
210Pb (T1/2 = 22.3 y) are particle-reactive radionuclides in 
the 238U decay series, produced through the decay of 222Rn (T1/2 = 3.8 d). The 
disequilibrium between 210Po and 210Pb has been used in many studies to determine particle 
export from the upper ocean (e.g., Shimmield et al., 1995; Friedrich and Rutgers van der 
Loeff, 2002; Murray et al., 2005; Stewart et al., 2007a; Buesseler et al., 2008; Verdeny et 
al., 2008), in a similar application to the more commonly used 234Th/238U system (e.g., 
Buesseler et al., 1992; Charette et al., 2001; Cochran and Masqué, 2003; Wei et al., 2011). 
However, the fluxes of particulate organic carbon (POC) derived from these two techniques 
are often inconsistent and even contradictory (Friedrich and Rutgers van der Loeff, 2002; 
Stewart et al., 2007a; Buesseler et al., 2008; Verdeny et al., 2009; Le Moigne et al., 2013). 
For example, the POC fluxes derived from 234Th were higher than those derived from 210Po 
in the Polar Front region, where diatoms were dominant in the phytoplankton (Friedrich 
and Rutgers van der Loeff, 2002), while 210Po-POC flux was greater  than the 234Th-POC 
flux in the Sargasso Sea where small phytoplankton such as Prochlorococcus and 
Synechococcus dominated the community (Bibby et al., 2008; Buesseler et al., 2008). In 
addition, POC fluxes derived from 210Po were usually higher than 234Th-derived estimates 
in the middle of gyres (e.g., Sargasso Sea, and Hawaii), whereas the opposite was generally 
true near the margins (Stewart et al., 2007a; Verdeny et al., 2009).  
The greatest inherent differences between 210Po/210Pb and 234Th/238U have been 
interpreted as a result of the different half-lives of 210Po and 234Th, and the different particle 




al., 2005; Verdeny et al., 2009). In particular, for the 234Th/238U pair, only 234Th is particle-
reactive while 238U is highly soluble in seawater (Djogic et al., 1986). In contrast, in the 
210Po/210Pb technique, both radionuclides are particle-reactive although they have different 
chemical behaviors: 210Po generally has a higher affinity for particles than 210Pb (Heyraud 
et al., 1976; Kharkar et al., 1976). Furthermore, 210Po and 210Pb have different binding 
preferences, with 210Po associated with proteins and sulfur-containing compounds (Fisher 
et al., 1983; Larock et al., 1996; Stewart and Fisher, 2003b; Stewart et al., 2007b; Carvalho, 
2011), while 210Pb is adsorbed onto particle surfaces and is associated with biogenic silica 
and lithogenic particles (Shannon et al., 1970; Bacon et al., 1976; Friedrich and Rutgers 
van der Loeff, 2002; Stewart et al., 2005).  
Several studies have used field collected marine material to simulate the binding 
behavior of Pb and Po radionuclides in the natural environment in the laboratory (Chuang 
et al., 2013; Yang et al., 2013; Chuang et al., 2014; Chuang et al., 2015). Evidence from 
these laboratory experiments suggests that each radionuclide binds to specific 
biopolymeric functional groups, with enhanced adsorption of 210Po by proteins, while 
polysaccharides enhance the binding of 210Pb (Quigley et al., 2002; Yang et al., 2013), 
suggesting that 210Po and 210Pb could be fractionated by specific organic and/or inorganic 
compounds during their sorption onto particles.  
In this paper, we combined the measurements of 210Po and 210Pb in the dissolved 
and particulate phases, and the major phase components of suspended particulate matter 
(SPM) from the U.S. GEOTRACES North Atlantic transect, which represents a spectrum 




dmo.org/project/2066). With these measurements, we examined the role of particle 
concentration and composition in the scavenging and fractionation of 210Po and 210Pb. The 
inter-correlations among the radionuclides and major particle components have also been 
investigated, followed by principal component analysis (PCA) aiming to reduce the 
number of variables to only those that are most significant in describing the variability of 
the data set. We also applied end member mixing analysis (EMMA) (Li, 2005) to estimate 
the scavenging intensities of 210Po and 210Pb for particles with different compositions. We 
address the implications of our results for the use of the 210Po/210Pb pair to trace carbon 
export under different oceanographic and biogeochemical conditions.   
2.2 Methods 
2.2.1 Sampling and analysis 
Samples were collected at 7 “super” stations (with extra casts to provide large-
volume samples) from the R/V Knorr during the US GEOTRACES North Atlantic zonal 
transect (NAZT), cruises KN199-04 and KN204-1. Cruise KN199-04 departed from 
Lisbon, Portugal in October 2010 and ended in Cape Verde in November 2010. Cruise 
KN204-1 departed from Woods Hole, MA in October 2011 and ended in Cape Verde in 
December 2011 (Fig. 2.1). The super stations sampled included the three stations nearest 
to the margins: stn.10-1 off Lisbon and within the influence of the Mediterranean outflow, 
stn.10-9 located just west of the Mauritanian shelf break, and stn.11-1 off the New England 




Atlantic subtropical gyre, including key stations 11-10 at the BATS site, and 11-16 at the 
TAG hydrothermal site.  
Seawater samples (~ 20 L) were collected for dissolved (< 0.45 µm) 210Po and 210Pb 
analysis throughout the water column at each station (12-16 depths/station) by using 30 L 
Niskin bottles mounted on a standard CTD rosette sampler. Particulate 210Po and 210Pb 
samples were collected using McLane in situ pumps that had been modified to 
accommodate two filter heads (Cutter et al., 2014; Lam et al., 2015) (Cutter et al., 2014; 
Lam et al., 2015). The paired 51 µm polyester prefilters and 1 µm quartz fiber filters 
(Whatman QMA) were designed to simultaneously collect large size fraction (LSF, > 51 
µm) and small size fraction (SSF, 1-51 µm) particles, respectively.   Details on collection 
and analysis of water samples and particulate matter (both small and large particulate 
matter) for 210Po and 210Pb are given in Rigaud et al. (2015). The dissolved and particulate 






Figure 2. 1 Map showing stations along the US GEOTRACES GA03 North Atlantic 
zonal transect, from which samples were analyzed. Triangles and squares indicate 
stations from 2010 and 2011, respectively. BATS is the Bermuda Atlantic Time-series 
Site and TAG is the TAG hydrothermal site. 
2.2.2 Size-fractionated particle composition and concentrations 
The concentrations of six major particle compositional components (POC, CaCO3, 
opal, lithogenic matter, iron and manganese oxyhydroxides) in both the LSF and SSF at all 
seven stations along the transect were collected as part of the GEOTRACES NAZT project, 
along with basic physical and chemical parameters. The details on particle sampling and 
particle composition determination are described in Lam et al. (2015) and Ohnemus and 
Lam (2015). In brief, POC was calculated as the difference between total particulate carbon 
(TPC) and particulate inorganic carbon (PIC); CaCO3 was calculated stoichiometrically 




material was calculated using upper continental crust (UCC) Al; total particulate Fe and 
Mn (oxyhydroxides + lithogenic contributions, herein called Fe and Mn) were determined 
by sector field ICP-MS; whereas Fe and Mn oxyhydroxides ( herein Fe(OH)3 and MnO2) 
were calculated by subtracting the lithogenic contribution from the total Fe and Mn. In 
addition, the mass of suspended particulate matter (SPM) was estimated as the sum of the 
chemical dry weight of particulate organic matter (POM), opal, CaCO3, lithogenic material, 
Fe(OH)3, and MnO2. All particulate composition data are available on BCO-DMO at 
http://www.bco-dmo.org/dataset/3871. 
2.2.3 Composition correlation and PCA 
The full dataset includes the activity of 210Po and 210Pb, and the concentration of 
POC, CaCO3, opal, lithogenic matter, Fe, and Mn in both SSF and LSF from the 7 "super" 
stations. The data matrix is grouped into 2 major areas: near the continental margins 
(stns.10-1, 10-9 and 11-1), and in the open ocean (stns.11-10, 11-12, 11-16 and 11-20). 
Here we focus on the samples collected from the upper 500 m depth where biological 
activity and aerosol deposition play the most important roles in the fractionation of 210Po 
and 210Pb. 
First, we used a Pearson pairwise correlation matrix to investigate how the size 
fractionated particulate 210Po, 210Pb related to the particle components. The significance of 
correlation coefficients, and strength of linear relationships between each pair of variables 
was determined by 2-tailed t-test at p < 0.05. To evaluate the correlation coefficient (r), we 




“moderate” correlation with |r| = 0.5-0.59, and a “strong” correlation with |r| ≥ 0.6 in the 
following discussion.  
We next analyzed interrelationships between particle composition measurements 
in the SSF and LSF using a principal component analysis (PCA) for the eight variables. 
We applied a transformation to the sample data prior to PCA by performing centering 
(mean subtraction) and scaling (dividing the centered columns by their standard deviations). 
While we examined the first three principal components of the PCA, the first two principal 
components alone captured > 65% of the total variance in each dataset so the results were 
further visualized using a biplot, which can provide inter-unit distance and indicate 
clustering of observations as well as display variances and correlations of the variables 
(Kohler and Luniak, 2005).  
Third, we examined the information contained in the first three principal 
components by regression of the principal component (PC) score of each observation 
against the concentration of SPM, apparent oxygen utilization (AOU), and depth. If there 
was a statistical relationship between PC scores and any of these parameters, we concluded 
that the PC was reflective of that parameter regardless of the nature of the relationship. 
Because the signs of PC scores are arbitrary and the data has been transformed, whether 





2.2.4 Partition coefficients analysis 
The partition coefficients (Kd) of 
210Po and 210Pb are useful for describing their 
affinity to marine particles (Bacon et al., 1976; Baskaran and Santschi, 1993; Wei and 
Murray, 1994). The interpretation of the Kd(Po) is complicated because while 
210Pb only 
adsorbs to the surface of particles, 210Po is both sorbed to surfaces and also taken up into 
the cytoplasm of phytoplankton cells and bioaccumulated through food chains (see 
Discussion for further explanation). Even though the interactions of 210Po and 210Pb with 
particles are not the same, we will use “adsorption” or “sorption” for both 210Po and 210Pb 
to describe their particle association in this paper.  
Kd (L kg






 ,                                                        (2.1) 
where IJ and I@ represent the nuclide activities in the particulate and the dissolved phases 
(dpm 100L-1), respectively, and SPM is the suspended particulate matter concentration (kg 
L-1). Kd provides a measure of the partitioning of radionuclides between the dissolved and 
particulate phases. The conceptualized scavenging models consider chemical interactions 
between radionuclides either (1) in the dissolved and total particulate phases (two-box 
model) or (2) in the dissolved – small – large particulate phases (three-box model) or (3) 
in the truly dissolved – colloidal – small – large particulate phases (Clegg and Whitfield, 
1990; 1991; Baskaran et al., 1992; Savoye et al., 2006; Rigaud et al., 2015). We calculated 




(Kd_SSF), and between the dissolved and total particulate phases (Kd_TOT) without 
considering colloidal phase due to lack of data. However, in our samples over 90% of the 
total particulate radionuclide activity was in the small size fraction, and therefore these Kd 
values were very similar. We will only present the Kd_SSF in this paper.  
Next, we examined the degree to which 210Po and 210Pb are fractionated during 
sorption. The fractionation factor (F), a ratio of the corresponding bulk Kd’s (Nozaki et al., 
1998; Chase et al., 2002; Murray et al., 2005),  
$(%&/%') = ?@(%&) ?@(%')⁄                                  (2.2)        
was used to investigate the preferential sorption of 210Po relative to 210Pb.  
Furthermore, in order to interpret the relationship between particle composition and 
the bulk partition coefficients, a six-end-member mixing model was developed here similar 
to the one published by Hayes et al. (2015) for thorium isotopes. 
?@ = ∑ 	(?@)Q ∙ 5QSE = (?@)E ∙ 5E + (?@)T ∙ 5T + (?@)U ∙ 5U + (?@)V ∙ 5V + (?@)W ∙
5W + (?@)S ∙ 5S,                                 (2.3)         
where ?@ is the observed bulk partition coefficient of a given nuclide, (?@)Q is the partition 
coefficient for pure end member i, 5Q is the proportion of end member i of the total mass of 
a particle sample, where i = 1 (POM), 2 (CaCO3), 3 (opal), 4 (lithogenic material), 5 




therefore for a set of given 7 = X samples, 5Q	(X × 6 matrix) and ?@Q  (X × 1 matrix) are all 
known. The unknown (?@)Q (6 × 1 matrix) can be solved by Eq. (2.4) using non-negative 
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                 (2.4) 
We estimated the standard error of the derived end-member Kd values using the 
jackknife resampling technique (Efron and Stein, 1981). Finally, the derived end-member 
fractionation factors, F(Po/Pb), were calculated from Eq. (2.2) for each compositional 
component.   
2.3 Results 
2.3.1 Correlations 
In the open ocean, 210Po activity was strongly correlated with POC and moderately 
correlated with CaCO3 in the small particles, and 
210Po activity in the large particles was 
strongly correlated with CaCO3, moderately correlated with opal, and weakly correlated 
with POC (Table 2.1). 210Pb activity in the open ocean, in contrast, was moderately 
correlated with CaCO3, opal, and Mn in the large particles but there were no significant 
correlations with 210Pb activity in the small particles. In the margin waters, both 210Po and 




210Po and 210Pb activities in the small particles near the margins, however, had different 
relationships with the 6 particulate components relative to those in large particles. For 
instance, 210Pb activity strongly correlated with opal and Mn, and moderately correlated 
with lithogenic matter and Fe near the margins, whereas 210Po activity was found to be 
strongly correlated with lithogenic matter and Fe.  
Overall, the correlations between the particle components and 210Po and 210Pb 
activity in the large particles were reasonably consistent between the margin and open 
ocean samples, whereas the corresponding correlations in the small particles varied 
between those two oceanic provinces. 
Table 2. 1 Pair Pearson Correlation Coefficients, r, within size-fractionated principal 
particle compositions in the top 500 m at margin (stns.10-1, 10-9 and 11-1) and open ocean 
(stns.11-10, -12, -16 and -20) stations. Bold values with * and ** denote moderate and 
strong correlation with p < 0.05 by t-test, respectively. 
    Margins Open Ocean 
  
SSF (n = 19) LSF (n = 18) SSF (n = 20) LSF (n = 19) 
  Units 210Po 210Pb 210Po 210Pb 210Po 210Pb 210Po 210Pb 
POC µg L-1 0.05 0.07 0.68** 0.60** 0.68** 0.3 0.45 0.18 
CaCO3 µg L
-1 0.25 0.44 0.72** 0.65** 0.59* 0.42 0.71** 0.59* 
Opal µg L-1 -0.01 0.64** 0.76** 0.70** 0.18 -0.14 0.53* 0.50* 
Litho µg L-1 0.75** 0.54* 0.07 0.05 -0.06 -0.01 0.34 0.1 
Fe nmol L-1 0.74** 0.56* 0.08 0.07 -0.03 0 0.15 -0.05 





2.3.2 Principal component analysis 
Principal component analysis (PCA) was applied to all eight measured variables to 
identify a new set of fewer, uncorrelated variables that can explain a substantial portion of 
the variation of the original variables. The new set of variables, also called the principal 
components (PC), will result in a lower dimensional space that explains most of the 
variation. We analyzed all the SSF data and all the LSF data as two datasets, and PCA 
results were summarized in Table 2.2, including the loadings of the first three principal 
components (total 8 principal components) and their contribution in explaining of the total 
variance. In the SSF dataset (Table 2.2, SSF), the first three principal components 
contained 76.9% of the variation of the eight original variables, with 49.8% explained by 
PC1, 14.8% explained by PC2, and 12.3% explained by PC3. The highest loadings of PC1 
were from Mn, Fe, CaCO3 and lithogenic matter, PC2’s highest loadings were 
210Po and 
POC, whereas lithogenic matter and Fe were most important to PC3 (Table 2.2, Fig. 2.2).   
Table 2. 2 The first three principal component loadings, percentage of variance explained 
by each principal component, and their cumulative percentage of total variance in the small 
size fraction (SSF) and the large size fraction (LSF) of the particles. The numbers in bold 
font indicate the absolute loadings that are higher than 0.4. 
  Variables Units PC1 PC2 PC3 
SSF 210Po dpm 100L-1 -0.001 0.858 0.07 
(1-51 µm) 210Pb dpm 100L-1 -0.226 0.118 -0.149 
 
POC µg L-1 -0.279 0.427 -0.245 
 
CaCO3 µg L
-1 -0.414 0.056 -0.286 
 
Opal µg L-1 -0.401 -0.205 -0.406 
 




  Variables Units PC1 PC2 PC3 
 
Fe nmol L-1 -0.417 -0.034 0.553 
 









49.8 64.6 76.9 
      
LSF 210Po dpm 100L-1 -0.408 -0.11 0.466 
(> 51 µm)  210Pb dpm 100L-1 -0.396 -0.07 0.593 
 
POC µg L-1 -0.362 -0.292 -0.493 
 
CaCO3 µg L
-1 -0.405 -0.239 -0.324 
 
Opal µg L-1 -0.386 -0.321 -0.121 
 
Litho µg L-1 -0.243 0.536 -0.195 
 
Fe nmol L-1 -0.249 0.532 -0.163 
 





59.9 29.8 7.4 
  Cumulative %   59.9 89.7 97.1 
 
In contrast, the first three components of the LSF dataset explained 97.1% of the 
total variance, in which PC1 explained 59.9%, PC2 explained 29.8%, and PC3 explained 
7.4% (Table 2.2, LSF). We observed that the highest PC1 loadings came from 210Po and 
CaCO3, PC2’s highest loadings were from lithogenic matter, Fe, and Mn, and PC3 loadings 





Figure 2. 2 The first three principal component loadings with respect to each variable in 
the small size fraction (SSF) and the large size fraction (LSF) of the particles. The 
symbol “*” indicates the absolute loadings that are higher than 0.4. 
Further, PC1 and PC2 scores of the observations for each station were examined 
and visualized using biplots (Fig. 2.3). In the SSF dataset, the observations in the open 
ocean stations generally scored high and positive on PC1, whereas the SSF at margin 
station 11-1 scored high on PC1 but with negative values. The observations at stn.10-9, on 
the other hand, had little loading from PC1, but had some variability along PC2, with 
generally negative scores. Three of the very shallow (~ 40 m) open ocean observations 
scored relatively high and positive on PC2 (stn.11-12, 11-16, and 11-20) (Fig. 2.3A). Most 
observations at stn.10-1 scored rather equally on PC1 and PC2, except for one observation 
SSF PC1 SSF PC2 SSF PC3





















(30 m) with significant negative scores on PC1, suggesting this observation was 
overwhelmingly explained by this component.  
In the LSF dataset, the observations in the open ocean stations mostly scored highly 
positive on PC1 (Fig. 2.3B). The PC1 scores for the observations at stn.10-1 were generally 
higher than PC2 scores (positive), except from the observation at 30 m, which was the only 
observation from this station to have a strongly negative PC1 score and also had a much 
higher (positive) score on PC2 compared to the rest of the samples at this station. At stn.10-
9, the surface observations had generally negative scores on PC1, and the observations 
below the surface layer had generally positive scores on PC2. The observations at stn.11-
1, on the other hand, scored highly negative on PC1, especially the observation at 30 m. 
Looking at each biplot (SSF and LSF separately), component scores for the four 
open ocean stations in both plots displayed a clustered pattern, whereas the observations 
for the three margin stations were more varied along PC1 and PC2. Despite the fact that 
the principal components may represent different causes of variability between SSF and 
LSF, this suggests more uniform open ocean particle characteristics within each size 
fraction, but more diverse particle characteristics at the margins. Additionally, we observed 
several extremely high scores in a few surface samples (samples annotated on Fig. 2.3), 






Figure 2. 3 The first three principal component loadings with respect to each variable in 
the small size fraction (SSF) and the large size fraction (LSF) of the particles. The 




2.3.3 The bulk partition coefficients of 210Po and 210Pb 
The Kd values for 
210Po in the SSF varied between 0.10 (± undetermined uncertainty) 
and 2.12 (± 0.45) ×107 L kg-1 (median: 0.45 ± 0.41 ×107 L kg-1). In contrast, the Kd values 
for 210Pb ranged from 0.05 (± undetermined uncertainty) to 0.89 (± 0.13) ×107 L kg-1, with 
a median value half as large as that of 210Po in the SSF (Fig. 2.4). We also noticed different 
regional patterns in Kd for both 
210Po and 210Pb between the margins and open ocean. For 
instance, Kd for 
210Po in the SSF in the three stations nearest to the margins (filled markers) 
were 2-times lower than those in the remote regions of the ocean (open markers) (Fig. 
2.4A). The Kd(Pb) values, on the other hand, generally had higher values between 50 and 
150 m near the coastal margins (median: 0.32 ± 0.14	×107 L kg-1, n = 9) than in the interior 





Figure 2. 4 Partition coefficient (Kd in the unit of L kg
-1) of 210Po and 210Pb with marine 
suspended particulate matter (SPM) in the upper 500 m along the NAZT GA03 transect. 
(A):  Kd of 
210Po in the small size fraction (1-51 µm). (B): Kd of 
210Pb in the small size 
fraction. The filled markers indicate the three stations nearest to the margins (stns.10-1, 
10-9, 11-1) and the open markers indicate the four open ocean stations (stns.11-10, -12, -
16, -20). Note that some bulk Kd values have no standard deviation because not all SPM 
concentrations had a reported uncertainty.  
2.3.4  Fractionation between 210Po and 210Pb in the bulk samples 
The fractionation factor of the bulk sample, F(Po/Pb), which is the ratio of the bulk 
Kd(Po) to bulk Kd(Pb), ranged from 0.44 to 20.5 in the small particles (Fig. 2.5). We 




stations and both margin stations which had surface samples, displaying a F(Po/Pb) 
minimum in the subsurface zone between 100-200 m. For the particles collected from the 
interior ocean, F(Po/Pb) were all greater than 1 in the upper 300 m, indicating a strong 
preference for scavenging of 210Po over 210Pb. In contrast, F(Po/Pb) values for particles 
near the margins were less variable, and most values were close or equal to unity, indicating 
a small or no preference for scavenging of 210Pb over 210Po, or perhaps a higher rate of 
210Po remineralization from the particles to the seawater (Rigaud et al., 2015). 
 
Figure 2. 5 Fractionation of 210Po relative to 210Pb (F(Po/Pb) = Kd(Po)/Kd(Pb)) in the 
small size fraction. The vertical dashed line is drawn for F = 1. The filled markers 
indicate the three stations nearest to the margins (stns.10-1, 10-9, 11-1) and the open 




F(Po/Pb) values have no standard deviation because not all SPM concentrations had a 
reported uncertainty. 
2.4 Discussion 
2.4.1 Correlation of radionuclide activities to chemical composition 
We observed correlations between 210Po activity and POC in the large particles 
across both the margin and open ocean stations, while similar correlations in the small 
particles were only found in the open ocean samples but not at the margins (Table 2.1). 
When correlations existed between 210Po activity and POC in the upper 500 m, there were 
also correlations between 210Po activity and CaCO3. In our PCA results, POC and CaCO3 
in the large particles had similar loadings on the first three principal components while the 
loadings of POC and CaCO3 in small particles had similar values on PC1 and PC3, but not 
on PC2 (Table 2.2, Fig. 2.2). These results suggest that POC and CaCO3 were more closely 
associated with each other and more evenly important to the components in the large 
particles relative to their relationship in the small particles. Indeed, correlations between 
POC and CaCO3 were previously observed in the large particles in the upper 2000 m in 
this section, but no such correlations were seen at any depth in the small particles (Lam et 
al., 2015). This may be due to a relationship between “ballast” CaCO3 and POC in large, 
sinking particles (Armstrong et al., 2002). 
Despite these relationships in the large particles, in the small particles near the 
margins no correlation was found between 210Po and POC, while strong positive 




these areas had the highest input of lithogenics (Lam et al., 2015), we suggest that this 
could reflect scavenging of 210Po by particles from atmospheric dust deposition or 
continental shelf input. This is an indication that the source of particles can influence the 
distribution of 210Po, and suggests that the radionuclide activity in the small particles near 
the margins has a different relationship with Fe and lithogenic phases than the small and 
large particles in the rest of the study.  
While large particles are often aggregates of small particles in the surface ocean, 
the large particles throughout the water column (top 500m) at the margins and open ocean 
had different correlations between the compositional components and 210Po and 210Pb than 
the correlations in the small particles, implying that they are not just aggregates of smaller 
particles. Below the surface layer, there are many reasons to explain why various sized 
particle compositions could be different (explained further in 4.2). 
It was reported by Friedrich and Rutgers van der Loeff (2002) that the fractionation 
of 210Po and 210Pb on particles from the Antarctic Circumpolar Current was dependent on 
the POC/opal ratio, and suggested that 210Po was more strongly associated with POC while 
210Pb was more associated with opal. The Pearson correlation analysis in this study (Table 
2.1) revealed a stronger correlation between POC and 210Po than between POC and 210Pb 
in general. The results did not show a stronger correlation between opal and 210Pb than 
between opal and 210Po.  
To examine this further, we applied linear regression models by plotting 




was done only for small particles because we only calculated Kd(Po) and Kd(Pb) for these 
particles. A linear function fit the relationship between log(F(Po/Pb)) and log(%opal) 
reasonably well (R2 = 0.29, n = 35, p = 0.0008), showing a 1% increase in %opal reduces 
F(Po/Pb) by 0.7%, supporting siliceous matter’s preferential affinity for 210Pb. The 
relationship between log(F(Po/Pb)) and log(%POC), on the other hand, was not well 
captured with a linear function (R2 = 0.13, n =35, p = 0.04). Nonetheless, the relationship 
is still significant, suggesting a 1% increase in %POC increases F(Po/Pb) by 0.8%, 
supporting the association of 210Po with POC. 
We did, however, find lower F(Po/Pb) values in surface samples from the margins 
than we found in the open ocean, despite the higher POC along the margins (Fig. 2.5). It is 
worth noting that the phytoplankton composition near the margins was dominated by 
siliceous plankton (diatoms, higher %opal) (Twining et al., 2015) and could result in a 
decrease in F(Po/Pb), despite high %POC. To further assess this, we applied a multiple 
linear regression by using both log(%opal) and log(%POC) as predictors and log(F(Po/Pb)) 
as response: log(F(Po/Pb)) = 0.0155 - 0.63733 log(%opal) + 0.37465 log(%POC) (R2 = 
0.31). The results suggest that %opal has a larger negative impact and %POC had a smaller 
positive impact on the fractionation. When %opal and %POC are combined in the model, 
log(%POC) is no longer significant (p = 0.33) while log(%opal) is (p = 0.005). Due to this 
smaller fractionation between 210Po and 210Pb near the margins, the 210Po deficits with 
respect to 210Pb were not as significant as those in the subtropical gyre (Rigaud et al., 2015) 
where non-siliceous organisms like prymnesiophytes, cryptophytes and chrysophytes 




The correlation results indicate that the relationship between 210Po activity and POC 
is complicated at the margins where lithogenic material and opal concentrations may be 
high. In contrast, the 210Po/210Pb method may trace POC export better in the open ocean 
locations where small and large particle characteristics are less variable (Fig. 2.3), and there 
is a close association between 210Po and POC in both size classes (Table 2.1). 
 
Figure 2. 6 The log-log model: log $(%& %'⁄ ) = 	* + , log(%&/01) and 
log $(%& %'⁄ ) = 	* + , log(%%34) was applied to study the linear relationship between 
the logarithmic transformed dependent and independent variables. Open circles represent 
log(%POC), and filled triangles indicate log(%opal). The curves were fitted by linear 
regression functions, and the fitted function and corresponding statistical information are 




2.4.2 Interpretation of PCA 
According to the PCA loadings (Fig. 2.2) and scores in the biplots (Fig. 2.3), the 
first principle component (PC1) for both the SSF and the LSF was characterized by similar 
loadings of the compositional components (all negative) as well as a clear geographic split 
in sample scores; samples from the margin stations had generally negative scores, and 
samples from station 10-9 had a unique distribution with both negative and positive scores. 
Both of these observations suggest a similar interpretation for PC1 for both size fractions. 
In contrast, the loadings and scores for PC2 were distributed quite differently between SSF 
and LSF samples, suggesting a different interpretation for this PC in the SSF vs. LSF. In 
addition, the loadings and scores (data not shown) for PC3 were also distinct between the 
two size fractions, but there were some similarities between the loadings of PC3 in the SSF 
and PC2 in the LSF. The loadings for PC2 in the SSF and PC3 in the LSF were relatively 
distinct from all the other loading patterns. 
To attempt to interpret the “meaning” of the first three principle components in 
each size fraction, we used a generalized additive model (GAM) to examine if there were 
significant relationships between response (PC scores of all samples) and predictor 
(physical and chemical characteristics of the samples from the GEOTRACES database). 
GAM finds the best fit to the data via non-parametric relationships and can assess the 
significance of the fit (Hastie and Tibshirani, 1986). For example, because the scores on 
PC1 of both size fractions seemed to be related to geographic distribution, but the loadings 
of all the variables were similar/negative, we expected that some trend other than 




We hypothesized that this could be related to total suspended particle load (SPM), which 
tends to be higher at margin stations. Along the transect, between 52 and 99% of the mass 
of SPM was determined by three biogenic phases: POM (which is 1.88 × POC (Lam et al., 
2011)), opal, and CaCO3 (data not shown), which all are generated by phytoplankton 
production. Thus, SPM could be used as an indicator of production, with a gradient from 
the margin to the center of the gyre. Indeed, we observed a strong and significant 
relationship between PC1 scores and the concentration of SPM in both the small and large 
size fractions (SSF: linear, R2 = 0.65, p = 4.4e-11; LSF: non-linear, R2 = 0.86, p = 2e-16) 
(Fig. 2.7A), suggesting a similar interpretation (“production”) for PC1 in both size fractions. 
However, no general pattern was found using SPM as an explanatory variable for the 
variations in PC2 or PC3 in both size fractions.  
PC2 has strong positive loadings for both 210Po and POC in the SSF (Table 2.2, Fig. 
2.2) and we hypothesized that this PC was related to some biogeochemical processes that 
affected 210Po and POC in a similar manner in the SSF. We did in fact find a significant 
relationship (non-linear, R2 = 0.35, p = 0.002) between PC2 in the SSF and apparent oxygen 
utilization (AOU) (Fig.2.7B), while none of the other PCs had a significant relationship 
with AOU. AOU is defined as the difference between the saturation oxygen concentration 
and the observed oxygen concentration. Dissolved oxygen in the seawater is consumed by 
microorganisms for the oxidation of organic matter, and therefore AOU can be used as a 
measure of respiration/remineralization in the oceans (Ito et al., 2004; Duteil et al., 2013). 
Besides reflecting local respiration/remineralization, AOU is also related to water mass age 
and the ventilation age of the water (Stanley et al., 2012). This relationship between PC2 




that recent and past remineralization and respiration affect the 210Po distribution in small 
particles more than large particles.   
 
Figure 2. 7 Relationship between the scores on the first three principal components and 
the concentration of suspended particulate matter (SPM), apparent oxygen utilization 
(AOU), and depth investigated by a non-parametric generalized additive model (GAM, 
solid lines) and confidence limits (dashed lines). There were a total of 9 relationships in 
each size fraction: PC (1, 2, 3) vs. SPM, PC (1, 2, 3) vs. AOU, and PC (1, 2, 3) vs. Depth. 
Only the graphs with significant relationships are displayed in this figure: (A) PC1 score 
vs. SPM (SSF and LSF); (B) PC2 score vs. AOU (SSF); (C) PC2 score vs. Depth (LSF); 




circles represent the LSF. The R-squared statistic (R2), and the p-value are shown in all 
the plots. 
Looking at the loadings further (Table 2.2, Fig. 2.2), it seems that SSF PC3 (12.3% 
variation explained) and LSF PC2 (29.8% variation explained) could be driven by similar 
variables, and appear to reflect a gradient from biogenic particle phases (POC, CaCO3, 
opal), which have negative loadings, towards abiotic particle phases (litho, Fe, Mn), which 
have positive loadings. This transition from biogenic material towards inorganic mineral 
phases tends to occur as freshly-produced particles sink from the surface and degrade with 
depth. Indeed, when the scores along these principle components were plotted vs. depth, 
the non-linear relationship for both was significant (Fig. 2.7C: R2 = 0.33, p = 0.0003; Fig. 
2.7D: R2 = 0.25, p = 0.007). There were no significant relationships between PC3 and any 
of the variables we examined in the large size fraction.   
The different relationships between principle components and production and 
remineralization suggests a decoupling of the driving forces that determine composition 
and 210Po and 210Pb activity in the two size fractions, suggesting both different sources and 
possibly different residence times between the SSF and the LSF in the top 500m. For 
example, the source of LSF may reflect production in the surface ocean, especially at the 
margins where large diatoms, foraminifera, and pteropods could be predominating. The 
source of SSF in the surface, on the other hand, is probably composed of small diatoms 
and flagellates. Further differences between the particle characteristics may reflect 
differences in the residence times of large (faster sinking) and small (slower sinking) 




are often aggregates of small particles in the surface (Ohnemus and Lam, 2015), there is 
no reason to expect their compositions will be identical, especially as particles leave the 
euphotic zone. Small particles at depth may be derived from the disaggregation of larger 
particles, and may spend several months in the water column as they sink slowly. In 
contrast, large particles at the same depths could represent fast-sinking material that left 
the surface within the past several days-weeks, and so may be “fresher” than the small 
particles in this study due to differences in the extent of degradation and remineralization 
(Wakeham and Canuel, 1988; Abramson et al., 2010). 
Stewart et al. (2007b) applied principal component analysis to explore the 
connection between 210Po and organic matter within sediment trap particles at 200m in the 
northwestern Mediterranean. They suggested that degradation contributed the most to the 
variability in the composition of those sinking particles. While we find remineralization 
(low AOU as a proxy for “freshness”) was an important driver of variation in the small 
particles, it was not significant for the large particles. The difference in our results, 
specifically the lack of correlation between AOU and PC scores for large particles, may be 
caused by differences between the particulate material collected by sediment traps and 
those collected by in situ pumps (Lepore et al., 2009; Abramson et al., 2010). This concept, 
however, that degradation and sinking speed can cause some variation of composition 
within the small and large particles, was confirmed by our result that the depth of the 
sample is correlated to the distribution along PC2 in the large fraction (which explains 30% 
of the variation in the particle composition), and along PC3 in the small fraction (12 % of 




could also be explained by the range of depths of our samples (0-500 m) as opposed to the 
single depth (200 m) of the sediment trap. 
2.4.3 Particle concentration effect 
The Kd values suggest that 
210Po has a higher affinity for particles than 210Pb, as its 
Kd ranged between 10
6.0 and 107.3 L kg-1 while the Kd values for 
210Pb ranged from 105.7 
to107.0 L kg-1. These Kd values are higher and span a wider range compared to previous 
values in the nearshore waters off western Taiwan (105.53-105.56 and 105.38-105.87 L kg-1) 
(Wei et al., 2012), in surface waters of the northwestern Mediterranean Sea (105.58-105.97 
and 104.90-105.08 L kg-1) (Masqué et al., 2002), and in the turbid waters of the Yellow Sea 
(104.59-106.51 and 105.23-105.86 L kg-1) (Hong et al., 1999). All the samples collected in these 
previous studies were either from surface waters or coastal, turbid environments. The 
samples evaluated in our study, in contrast, were collected from the surface to 500 m depth, 
and from the margin to the open ocean, covering a wider range in SPM concentration and 
more diverse particle composition. Indeed, an even wider range of Kd(Po) values (10
4.7-
107.2 L kg-1) and Kd(Pb) values (10
5.0-106.8 L kg-1) was observed in a 4000-m water column 
study in the northern South China Sea (Wei et al., 2014).  
We examined the effect of particle concentration on the solid/solution partitioning 
for 210Po and 210Pb by focusing on the uptake of radioactivity from the water to the small 
particles. The values of partitioning (log Kd) versus particle concentration (log SPM) in the 
small particles are shown in Fig. 2.8. Over a range of more than two orders of magnitude 




for both 210Po and 210Pb in this study. Such negative correlation, known as the “particle 
concentration effect”, has been commonly found in field and laboratory observations for 
210Po, 210Pb, and other particle-reactive radionuclides such as 230Th, 234Th, 231Pa, and 7Be 
(Baskaran et al., 1992; Wei and Murray, 1994; Baskaran et al., 1996; Guo et al., 1997; 
Hayes et al., 2015). Although a number of hypotheses have been proposed to explain this 
observation, the presence of colloidal material which scavenges radionuclides is widely 
accepted as the factor that results in the particle concentration effect (Honeyman et al., 
1988; Honeyman and Santschi, 1989). The colloids provide sorption sites available for 
particle-reactive species within the operationally defined “dissolved” phase. Increases in 
particle concentration are associated with increases in the amount of colloidal radionuclides 
(Benoit and Rozan, 1999). The colloidal radionuclide passes through the 0.45 µm filters 
and will result in an overestimate of the dissolved radionuclide fraction (Ad) in the water 
column (Li, 2005) as well as lower Kd and hence the inverse relationship between log Kd 
and log SPM. Recent work on the kinetics of thorium scavenging has suggested that the 
particle concentration effect could also be explained by a dependency of the loss of thorium 
from the particle phase (e.g., by desorption and/or remineralization) on particle 
concentration (Lerner et al., 2017) but it is unknown whether this would also apply to 210Po 
and 210Pb. 
The slope of the log Kd vs. log SPM plot observed for the entire dataset was -0.54 
(R2 = 0.22, p = 0.004, n =35) for 210Po and -0.83 for 210Pb (R2 = 0.47, p < 0.0001, n = 35). 
This finding is comparable with the slope of -0.79 for 210Po and -0.78 for 210Pb in the East 




reported in the water column at Kuala Selangor, Malaysia (-1.05 for 210Po and -1.20 for 
210Pb) (Theng and Mohamed, 2005).  
This relationship was further examined for margin and open ocean stations 
respectively, and the results show some regional differences. We found a significant 
negative relationship between log Kd(Po) and log SPM in the margin waters (R
2 = 0.24, p 
= 0.04), whereas no significant linear correlation was observed in the open ocean (Fig. 
2.8A). In contrast, log Kd(Pb) was significantly correlated with log SPM in the open ocean 
(R2 = 0.91, p < 0.0001) but not at the margin stations (Fig. 2.8B). It is also worth noting 
that the log Kd values for 
210Po near the margins tended to be lower at a given particle 
concentration (SPM: ~ 10- 25 µg L-1) than would have been expected based on the data 
from the open ocean. In contrast, most log Kd values for 
210Pb near the margins were higher 






Figure 2. 8 The variation in the solid/solution partitioning (log Kd in L kg
-1) for 210Po and 
210Pb with particle concentration (log SPM in µg L-1) in the small size fraction from the 
upper 500 m. (A): log Kd(Po) vs. log SPM. (B): log Kd(Pb) vs. log SPM. The filled 
squares indicate the field data from the three margin stations (stn.10-1, 10-9, 11-1). The 
open circles represent the data from the four open ocean stations (stn.11-10, -12, -16, -
20). The black solid line represents the fit to the margin data, the black dashed line 
represents the fit to the open ocean data, and the red solid line represents the fit to all 
data. All slopes shown are significant (p < 0.05). 
These results suggest that the available sorption sites for 210Po and 210Pb for a given 
particle concentration may be different between the margins and open ocean along the 
transect, probably related to particle size, composition, and origin (Honeyman et al., 1988; 
Balls, 1989). This supports our previous findings in section 2.4.1, for example, that 210Po 
and lithogenics were correlated at the margins but not in the open ocean. Further, the 




in the open ocean and a more heterogeneous particle composition at the margins, and the 
relationships between the principal components and proxies for production (SPM) and 
remineralization (AOU, depth) suggest different drivers for the composition of the particles.   
2.4.4 End-member mixing model evaluation: Observed vs. Predicted 
Based on our analyses thus far which indicates a significant difference in the drivers 
of particle composition along our transect we separated our proportional composition and 
bulk Kd (SSF) dataset into margin (n = 17) and open ocean (n = 14) stations in order to 
calculate the partition coefficient for each end-member via non-negative least squares 
regression (Eq. 2.4). The significant (Kd)i values for each compositional component 
obtained from the regression for 210Po and 210Pb are listed in Table 2.3. 
Table 2. 3 Model-predicted distribution coefficients (L kg-1) for 210Po (Kd(Po)i) and 
210Pb 
(Kd(Pb)i) for six end members of particulate materials (µg L
-1) in the small size fraction 
(SSF) and their associated fraction factors, F(Po/Pb) = Kd(Po)/Kd(Pb).  
  Components Kd(Po) ×10
7 ± Kd(Pb) ×10
7 ± F(Po/Pb) ± 
SSF, 
margins          
(n = 17) 
POM - - - - - - 
CaCO3 1.14 0.29 0.18 0.05 6.3 2.4 
Opal - - 3.24 0.35 - - 
Litho 0.52 0.18 0.3 0.05 1.7 0.7 
Fe(OH)3 - - - - - - 
MnO2 46.9 45.9 18.3 12.3 2.6 3.0 
        
SSF, Open 
Ocean         
(n = 14) 
POM 0.6 0.08 - - - - 
CaCO3 0.5 0.18 - - - - 
Opal - - 6.3 1.86 - - 




  Components Kd(Po) ×10
7 ± Kd(Pb) ×10
7 ± F(Po/Pb) ± 
Fe(OH)3 2173.6 910.1 322.2 119.1 6.7 3.8 
MnO2 - - 87.3 33.2 - - 
 
Substituting (Kd)i values from Table 2.3 into Eq. 2.3, we can ultimately obtain the 
model-predicted Kd value for each sample. Observed Kd vs. predicted Kd (OP) regressions 
were used to evaluate the six-end member mixing model applied in this study. First, we did 
OP regressions for the margin (n = 17) and open-ocean Kd data (n = 14) separately. The 
analysis of the coefficient of determination (R2) revealed that 27% of the total variance was 
explained by the regression model for Kd(Po) at the margins, and 22% in the open ocean 
(data not shown). In contrast, 57% and 94% of the margin Kd(Pb) and oceanic Kd(Pb) were 
explained by the OP regression, respectively (data not shown). Then, we applied the OP 
regressions for the combined data (n = 31) from the margins and open ocean (Fig. 2.9). 
The results show 36% of the total variance across all samples was explained by the 
regression model for Kd(Po) (Fig. 2.9A), while 85% of the total variance of Kd(Pb) was 
explained by the regression model (Fig. 2.9B). The regression of OP values was significant 
for both Kd(Po) (p = 0.0003) and Kd(Pb) (p = 1.16e-13); the slope of OP for Kd(Pb) was 
very close to 1 while the slope was further from 1 for Kd(Po). The model overestimated 
observed Kd(Po) at low values and underestimated it at high values. Further, the intercept 
was significantly different from 0 from the OP regression of Kd(Po) (1.3e+06) while the 
Kd(Pb) intercept was almost two orders of magnitude smaller (closer to 0). By assessing 
R2, the slope, and intercept of the OP regression, we think that the model captured the main 




were less reflective of the observed values. In other words, particle composition based on 
these 6 phases can explain most of the variation in the observed Kd(Pb), but it does not 
explain variation in the Kd(Po) as well, suggesting either the studied particle composition 
here is not an important control on Kd(Po) or the model is missing one or more important 
scavenging end members for 210Po. This conclusion highlights the caution which must be 
taken in interpretation of the end-member partition coefficients for 210Po in the following 
discussion.  
 
Figure 2. 9 Observed vs. Model predicted Kd in the small size fraction. (A) Kd(Po); (B) 
Kd(Pb). The filled squares and open circles represent the margin data (n = 17) and the 




the predication captured the majority of variation in the observed Kd(Pb) while the model 
overestimated observed Kd(Po) at low values and underestimated it at high values. The 
statistical results of the regression of observed (Obs) vs. predicted (Pre) Kd values (all 
data, n = 31) are also shown in the graphs. 
2.4.5 End-member partition coefficients 
While we found that the end-member mixing model could predict the overall Kd(Pb) 
better than the overall Kd(Po), we nevertheless investigated the contribution of each phase’s 
partitioning strength (Kd)i to the modeled total Kd. As above, we found that the (Kd)i of 
each phase differed between the margins and the open ocean (e.g. Kd(Po)MnO2 at the 
margins was different than Kd(Po)MnO2 in the open ocean). Our results are similar to those 
of Li (2005) wherein the (Kd)i contribution of four measured components (lithogenic 
material, organic matter, carbonate, opal) for the total Kd of isotopes of Th, Pa, and Be 
differed between three oceanic regions. This may reflect multiple influences on (Kd)i values. 
The first interpretation of our results is that each measured compositional component (litho, 
POM, Fe(OH)3, MnO2, opal, and CaCO3) is not chemically identical everywhere along the 
transect. We mentioned this above when we suggested that there may be different numbers 
of binding sites for a given composition and concentration of particles in the margins and 
the open ocean.  
For the lithogenic and organic (POM) components, this may reflect different 
elemental (e.g. Al vs. Ti vs. Fe for litho, (Ohnemus and Lam, 2015), or P content for POM 
(Twining et al., 2015)) or macromolecular (e.g. differences in fatty acid or amino acid 




to the open ocean. For the mineral phases, the measured elements (Fe, Mn, Ca, Si) may be 
consistent from the shore to the center of the gyre, but the organic matrices or biomolecules 
associated with the minerals could differ. This has been demonstrated in laboratory 
experiments where the organic biopolymers within mineral matrices can change the 
sorption nature of those minerals (Chuang et al., 2013; Yang et al., 2013; Chuang et al., 
2015).  
Another possible explanation is that partition coefficients are affected by more than 
particle composition alone. This has been particularly noted in dynamic, coastal 
environments where physical and chemical conditions vary more than in the open ocean. 
For example, Turner (1996) highlights salinity affecting trace metal Kd values in multiple 
estuaries, while Balls (1989) asserts that in European coastal waters particle-particle 
interactions affect Kd values, justifying the need to include the SPM loadings in the 
calculation of Kd. That same paper asserts that previous work has found that multiple 
physiochemical parameters such as salinity and pH influence partition coefficients. These 
additional factors should be kept in mind as we detail the various (Kd)i values found for 
210Po and 210Pb below (Table 2.3).  
Derived end-member Kd(Po)i for the six phases were different between the margins 
and the open ocean. For example, Fe(OH)3 was not a major scavenging phase of 
210Po at 
the margins, whereas it was the most significant scavenger in the open ocean (1010.3 L kg-1 
for 210Po). MnO2 had the opposite trend; the most significant end-member Kd(Po)i was 
derived from MnO2 at the margins while no significant Kd(Po)i value was obtained in the 
open ocean. Nonetheless, the Kd(Po)i values for MnO2 (10





kg-1) at margin and open ocean stations, respectively, were orders of magnitude above those 
for the other carrier phases in their associated oceanic regime. Previous laboratory work 
has also found that MnO2 and Fe(OH)3 were important in the binding of 
210Po (Chuang et 
al., 2013; Yang et al., 2013; Yang et al., 2015). The Kd(Po)i values for Fe(OH)3 and MnO2 
reported here, though, are much larger than what has been previously reported (e.g. Fe2O3: 
104.48 L kg-1, MnO2: 10
5.19 L kg-1) (Yang et al., 2013). Comparing laboratory and field data 
is complicated, however, by the presence of orders of magnitude more particles and higher 
radionuclide activities in the adsorption experiments of Yang et al. (2013) compared to the 
values measured in this study. Further, the pH (buffered by Tris-HCl to ~ 8.1) of the 
seawater used in the laboratory differs from the value observed in the field. These 
differences (and more) between field and laboratory conditions could result in inconsistent 
Kd(Po) values for MnO2, for example. An alternative possibility is that naturally formed 
minerals, such as authigenic MnO2, may be more reactive in terms of adsorption than the 
pure phase used in the laboratory studies. Despite these differences, the laboratory studies 
did not conclude that mineral phases were more important than organic phases. Instead, 
Chuang et al. (2013) suggested that the direct binding of 210Po to organic biopolymers may 
be obscured due to the close association between mineral carrier phases and associated 
biopolymers.  
There was no significant Kd(Po)i value derived for POM at the margins, while POM 
was a major scavenging phase of 210Po (106.8 L kg-1) in the open ocean. This was consistent 
with our previous finding from the pairwise correlations and PCA analyses that there was 
a significant association between particulate 210Po and POM at the open ocean stations but 




significant difference between margins and the open ocean, with Kd(Po)i values for both 
carrier phases in the range of 106.7 – 107.6 L kg-1 in the two contrasting oceanic regimes. 
Derived end-member Kd(Pb)i values for MnO2, CaCO3, lithogenics, and POM 
spanned 2-3 orders of magnitude. We noticed the following relationships for Kd(Pb) in 
Table 2.3: Kd (MnO2) > Kd (opal) > Kd (lithogenics) > Kd (CaCO3) ≫ Kd (Fe(OH)3) ≈ Kd 
(POM) at the margins; Kd (Fe(OH)3) > Kd (MnO2) > Kd (opal) > Kd (lithogenics) ≫ Kd 
(CaCO3) ≈ Kd (POM) in the open ocean. Other studies have come to similar conclusions, 
that Mn oxides are strong scavengers for both Pb and 210Pb (Balistrieri and Murray, 1986; 
Anderson et al., 1994; Canfield et al., 1995; Swarzenski et al., 1999; O’Reilly and Hochella, 
2003; Athon et al., 2017). Both Canfield et al. (1995) and Swarzenski et al. (1999) 
concluded that the behavior of 210Pb was tightly coupled to the redox cycling of manganese 
oxides, but indicated a much less significant role for iron oxides on the behavior of lead. 
Indeed, laboratory studies showed that MnO2 had one order of magnitude higher Kd values 
for 210Pb than Fe2O3 (Yang et al., 2013). Nevertheless, the Kd(Pb)i values for Fe(OH)3 (10
9.5 
L kg-1) and MnO2 (10
8.3-8.9 L kg-1) derived here, like above for Kd(Po)i, are much larger 
than what have been determined via experimental studies (Fe2O3: 10
5 L kg-1, MnO2: 10
6.3 
L kg-1) (Yang et al., 2013). Further, our finding that Kd(Pb)i for MnO2 was ~100 times 
greater than the compositional partition coefficients for the other components (except 
Fe(OH)3 in the open ocean) appears consistent with the behavior of 
230Th and 231Pa (Hayes 
et al., 2015), and that of Hg (Lamborg et al., 2016) along the same transect. However, the 
results in those studies were either unexpected or considered a result of methods or 
operational definitions. Opal appeared to be another major scavenging phase of 210Pb as 
there were significant Kd(Pb)i values (10




set. This finding supports previous work (Friedrich and Rutgers van der Loeff, 2002) and 
results of this study (Fig. 2.6), which both suggest an enhanced intensity of scavenging of 
210Pb by opal.  
The modeled fractionation factors (F(Po/Pb)), the ratio of end-member Kd(Po)i to 
end-member Kd(Pb)i, ranged from 1 to 6.7 in the small particles (Table 2.3). The end-
member fractionation factors could only be derived when their associated compositional 
Kd’s were available for both 
210Po and 210Pb. Thus, we only obtained modeled F(Po/Pb) for 
CaCO3, lithogenics, and MnO2 for the margin particles, and for lithogenics and Fe(OH)3 
for particles in the open ocean.  
We further did the OP regression of observed F(Po/Pb) vs. predicted F(Po/Pb) and 
found it was significant (R2 = 0.4, p = 0.0001, data not shown). Even though the predicted 
Kd(Po) values seemed to deviate from the observed Kd(Po) values, the predicted F(Po/Pb) 
were relatively consistent with observed F(Po/Pb) results. We found that the strongest 
fractionation between 210Po and 210Pb was associated with CaCO3 (F(Po/Pb) = 6.3) in the 
margin and open ocean Fe(OH)3 (F(Po/Pb) = 6.7) showing a preference for scavenging 
210Po by both particulate components. The predicted fractionation factors estimated for 
lithogenics imply no preference for scavenging 210Po over 210Pb in the open ocean (F = 1), 





Figure 2. 10 The fractional contributions of six end members to the predicted bulk 
distribution coefficients of A) 210Po (Kd(Po)), and B) 
210Pb (Kd(Pb)), in comparison to the 
weight fractions of the end members in SPM (C) in the upper 500 m. Note that there are 
two models applied for each Kd: one is based on margin data (n = 17), the other is open-
ocean data (n = 14). The horizontal axis represents the sample number (total 31 samples), 
ordered from left to right: stn.10-1 (n = 6), 10-9 (n = 6), 11-1 (n = 5), 11-10 (n = 1), 11-
12 (n = 4), 11-16 (n = 5), 11-20 (n = 4) (labeled on the top of the plot).   
  Further, we calculated the percent contribution of each end-member to the bulk 
distribution coefficients to assess the importance of each end-member to scavenging (end-
member Kd for phase i, (Kd)i, multiplied by the percent content of phase i, fi, divided by the 
total predicted Kd, ∑5Q ∙ (?@)Q). Fig. 2.10 summarizes the percent contribution of the six 




respectively), and the weight percent of each end member in SPM (Fig. 2.10C). At margin 
stations, opal was the major contributor (57.1 ± 16.1%) to the predicted Kd(Pb) in the small 
particles, followed by CaCO3 (20.3 ± 11.1%), lithogenics (17.9 ± 13.8%) and MnO2 (4.8 ± 
3.4%). The major carrier phases of 210Pb in the open ocean, in contrast, were lithogenics 
(43.5 ±2.0%) and opal (37.8 ± 16.8%). Further, MnO2 and Fe(OH)3 in the open ocean 
contributed to Kd(Pb) by 14.0 ± 7.8% and 4.8 ± 9.4%, respectively (Fig. 2.10B).  
The contributions of the carrier phases for 210Po were also different between the 
margins and the open ocean; the major contributor to Kd(Po) was CaCO3 (73.3 ± 14.2%) 
at margin stations vs. POM (52.7 ± 20.1%) at open ocean stations. Lithogenics contributed 
~ 20% to overall 210Po scavenging (Fig. 2.10A). Interestingly, we observed Fe(OH)3 
contributing ~ 30% and ~ 22% in 3 samples (one at stn.11-10, two at stn.11-16) for Kd(Po) 
and Kd(Pb), respectively, despite the low Fe concentrations of these samples (~ 0.011%). 
The predicted enhanced scavenging by MnO2 and Fe(OH)3 for both 
210Po and 210Pb is 
surprising due to both phases’ relative scarcity (low contribution to particle mass). This 
may highlight a bias in the derived partition coefficients for particle composition which 
occurs when using weight percentage rather than reactive surface area in the end-member 
mixing model, as suggested by Hayes et al. (2015) for Th and Pa.    
2.4.6 210Po vs. 210Pb 
We observed more significant relationships between 210Po and POC than between 
210Pb and POC, especially in the open ocean (Table 2.1). The positive correlation between 




carbon and can be useful in identifying biotic vs. lithogenic particle composition, in the 
same manner as the ratio of 210Po/210Pb proposed in Radakovitch et al. (1999). A biological 
signature (F(Po/Pb) >1) was observed in the upper 50 m at the margin stations and upper 
300 m in the open ocean. On the other hand, F(Po/Pb) values close to or lower than unity 
at 100 m depth at stn.10-1, at 135 and 185 m at stn.10-9, and at 58 and 90 m at stn.11-1 
suggests a more lithogenic composition, such as higher contribution from atmospheric dust 
or continental margin sediments. Moreover, our end member mixing analysis (EMMA) 
results show that Kd(Pb) for lithogenics was a factor of three higher than Kd(Pb) for POM 
(Table 2.3), further highlighting the important role of lithogenic/inorganic matter in the 
scavenging of 210Pb. These results support the well documented preference for 210Po uptake 
over 210Pb in marine organisms and that 210Po is both particle-reactive and bio-reactive, 
whereas 210Pb is only particle-reactive (Heyraud et al., 1976; Heyraud and Cherry, 1979; 
Fisher et al., 1983; Larock et al., 1996; Stewart and Fisher, 2003b; Wilson et al., 2009). 
The known bio-reactive behavior of 210Po and its association with sulfur (Harada et al., 
1989; Balistrieri et al., 1995; Cherrier et al., 1995), both suggest its cycling in particles is 
more complicated than 210Pb cycling and supports our hypothesis that important end-
members were missing for the model of Kd(Po). The PCA results also support this 
conclusion because there was a closer association between 210Po and AOU than between 
210Pb and AOU, indicating that biological processes affect the cycling of polonium more 
than that of lead.  
An alternative interpretation of the less predictive power of the EMMA for 210Po, 
the model Kd(Po) values differing from the observed Kd(Po) values, was suggested in the 




adsorption to particle surfaces as is the nature of 210Pb uptake. 210Po can be found associated 
with particles via three routes: 1) direct sorption of 210Po to particle surfaces, 2) the 
ingrowth of 210Po from previously sorbed 210Pb, and 3) the bioconcentration and 
biomagnification of 210Po by organisms. This does not mean that Kd(Po) has no 
significance, meaning, or use, it may, instead, explain why composition alone could not 
determine Kd(Po) in this study. It would be nearly impossible to distinguish the relative 
contribution of these three pathways, but this is an avenue of research that should be 
pursued. While we cannot easily model the three processes listed above, together they will 
still result in a higher Kd(Po) than Kd(Pb) for most samples, especially biogenic particles, 
so the fractionation of the two isotopes can still be used to trace the export of particles.  
2.5 Conclusions 
From an investigation into the partitioning of 210Po and 210Pb activity between 
particles and solution in the upper 500 m water column across the North Atlantic basin, 
and an analysis of how the particle concentration and composition affect their partitioning, 
we draw the following conclusions:  
1. While both Kd(Po) and Kd(Pb) were inversely related to particle concentration, their 
relationships differed between the margins and the open ocean, and the particle 
concentration effect was strongest for Kd(Pb) in the open ocean.  
2. Our correlation and PCA results indicated that the relationships between 210Po and 
210Pb activity and the composition of margin and open ocean particles were 




(AOU), and depth were important drivers of variability in both small and large 
particles.  
3. A six-end member particle composition mixing model could accurately predict the 
scavenging of 210Pb, and indicated that opal and lithogenic phases are the major 
drivers of Kd(Pb). The mixing model could not predict Kd(Po) with as much 
accuracy, indicating either that the model is missing important scavenging end 
members for 210Po, (such as sulfur, protein, or another component of organic 
matter) or that particle composition alone is not the only driver of Kd(Po) because 
the partitioning of 210Po between the dissolved and particulate phase is more 
complicated than simple sorption.  
4. Despite the complexity of the cycling of 210Po and 210Pb, and the diversity of 
particle concentration and composition measured along the GEOTRACES North 
Atlantic Zonal Transect (GA03), 210Po consistently exhibited a higher affinity for 
POC than 210Pb, especially in the open ocean away from the margins, supporting 
the use of 210Po fractionation and disequilibrium from 210Pb as a tracer of the export 
of organic matter in the surface ocean.  
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Vertical distributions of total and particulate 210Po and 210Pb activities in the water 
column were measured at eleven stations in the North Atlantic during the GEOTRACES 
GA01 GEOVIDE cruise in May - June 2014. Total 210Po activity was on average 24% 
lower than 210Pb activity in the upper 100 m, and was closer to unity in the mesopelagic 
(100 – 1000 m). The partitioning coefficients (Kd) along the transect suggest the 
preferential association of 210Po relative to 210Pb onto particles. The prominent role of small 
particles in sorption was confirmed by the observation that over 80% of the particulate 
radionuclide activity was on small particles. To account for the observed surface water 
210Po/210Pb disequilibria, particulate radionuclide activities and export of both small (1-53 
µm) and large (> 53 µm) particles must be considered. A comparison between the 
GEOVIDE total particulate 210Po/210Pb activity ratios (AR) and the ratios in previous 
studies revealed a distinct geographic distribution, with lower particulate AR in the high-
latitude North Atlantic (including this study) and Arctic in relation to all other samples. 
For the samples where apparent oxygen utilization (AOU) was calculated at the same depth 
and time as the 210Po/210Pb AR (40 stations including this study), there was a two-phase 
correlation between the total particulate AR and AOU likely reflecting the nature of the 
particles and demonstrating the forces of remineralization and radionuclide decay from 





The major goal of the international GEOTRACES program is to characterize the 
distributions of trace elements and isotopes (TEIs) in the ocean on a global scale, and to 
identify and quantify processes that control these distributions (GEOTRACES Planning 
Group, 2006). The GEOVIDE section was a contribution of the French GEOTRACES 
program to this global program in the subpolar North Atlantic. The GEOVIDE GA01 
cruise was carried out in 2014 in the North Atlantic and consisted of two sections: a section 
along the OVIDE (Observatoire de la variabilité interannuelle et décennale en Atlantique 
Nord) line between Lisbon (Portugal) and Cape Farewell (southern tip of Greenland), and 
a Cape Farewell to St. John’s (Canada) section across the Labrador Sea (Fig. 3.1). Since 
2002, the OVIDE section has been occupied biennially to collect physical and 
biogeochemical data (Mercier et al., 2015). The knowledge of the currents, water masses, 
and biogeochemical provinces gained from the previous OVIDE campaigns enabled the 
optimal strategy for TEIs sampling and provided help for the interpretation of the 
distribution of TEIs in the subpolar North Atlantic (García-Ibáñez et al., 2015). In addition 
to the OVIDE line, the Labrador Sea section provided a unique opportunity to study TEIs 
distributions along the boundary current of the western North Atlantic subpolar gyre 
(Sarthou et al., 2018).  
Polonium-210 (210Po, T1/2 = 138.4 d) and its radioactive grandparent Lead-210 
(210Pb, T1/2 = 22.3 y) are two non-conservative 238U decay series products. The 
GEOTRACES program has included both radionuclides in its TEIs list primarily due to 




assessing particle export in the upper ocean. The distribution of 210Po and 210Pb has been 
widely measured over the last several decades in the Atlantic (e.g. Bacon et al., 1976; Sarin 
et al., 1999; Rigaud et al., 2015; Ceballos-Romero et al., 2016), Pacific (e.g. Nozaki and 
Tsunogai, 1976; Murray et al., 2005; Verdeny et al., 2008), Indian (e.g. Cochran et al., 
1983; Sarin et al., 1994; Subha Anand et al., 2017), Arctic (e.g. Moore and Smith, 1986; 
He et al., 2015; Roca-Martí et al., 2016) and Southern Oceans (e.g. Shimmield et al., 1995; 
Friedrich and Rutgers van der Loeff, 2002). However, since the data reported by Bacon et 
al. (1980b) at the Labrador Sea stations (47.8 – 53.7 °N), there are few studies of 210Po and 
210Pb activity in the North Atlantic at latitudes greater than 40 °N. The GEOVIDE cruise, 
which targeted the North Atlantic from 40 °N to 60 °N, provided an opportunity to fill this 
data gap.  
Besides ascertaining the distribution of the natural radionuclides under specific 
geographic conditions, this project aimed to answer questions about their biogeochemical 
behaviors in various marine environments. Owing to the significantly longer half-life of 
210Pb relative to 210Po, the two radionuclides are expected to be in secular equilibrium (total 
210Po/210Pb activity ratio = 1) in the ocean, assuming no net removal or addition of either 
radionuclide. A deficit of 210Po activity relative to 210Pb activity (210Po/210Pb activity ratio 
< 1), however, is commonly found in the upper ocean (e.g. Bacon et al., 1976; Nozaki and 
Tsunogai, 1976; Cochran et al., 1983; Sarin et al., 1999). This has been attributed to a 
higher particle reactivity of 210Po (higher partitioning coefficient, Kd) than 
210Pb in seawater. 
Particles, therefore, become enriched in 210Po (210Po/210Pb activity ratio > 1) and their 
sinking to deeper waters results in a 210Po activity deficit relative to 210Pb activity in the 





Figure 3. 1 Map of the GEOVIDE cruise track (black dots) and the 11 stations samples 
for 210Po and 210Pb activity (red squares). Each sampling location is labeled with a station 
number. The sampling stations are divided into 4 regions (from east to west): West 
European Basin (stations 1, 13, 21, 26), Iceland Basin (stations 32, 38), Irminger Sea 
(stations 44, 60), and Labrador Sea (stations 64, 69, 77). 
In this work, we describe the distributions of total and size-fractionated particulate 
210Po and 210Pb activity along the GEOVIDE cruise in the North Atlantic. These data are a 
significant contribution to the high-latitude North Atlantic 210Po and 210Pb activity data set. 
We present a compilation of particulate 210Po/210Pb activity ratios (AR) from previous 
studies in the global ocean and the results are discussed in regards to the aging of water 




adsorption, and scavenging of radionuclides. These results lead to recommendations for 
the estimation of particulate organic carbon export flux based on the 210Po/210Pb 
disequilibrium, a topic that is covered in a companion paper (Tang et al., 2019). 
3.2 Methods 
3.2.1 Sampling collection 
The French GEOTRACES cruise to the North Atlantic (GEOVIDE, Section GA01; 
May 15 – June 30, 2014) was completed on the R/V Pourquoi Pas?. The research vessel 
departed from Lisbon, Portugal, headed northwest to the Greenland shelf, crossed the 
Labrador Sea, and ended in St John’s, Newfoundland, Canada (Fig. 3.1). A rosette 
equipped with conductivity-temperature-depth sensors and 12 L Niskin bottles was used to 
collect 200 seawater samples (5 – 10 L each) from 10 full water column “super” (10 multi-
cast) stations (16 – 22 depths/station) and 1 “XLarge” (5-cast) station to 800 m (station 26, 
9 depths) for the determination of total 210Po and 210Pb activity. Upon recovery, seawater 
samples were transferred to 10 L acid-cleaned containers. In addition, particulate 
radionuclide activities in two size classes (1-53 µm and > 53 µm) were collected at 3 – 10 
depths per station using large volume in-situ filtration systems (Challenger Oceanic pumps 
and McLane pumps) equipped with 142 mm filter holders. Each filter head contained a 
stacked 53 µm PETEX screen followed by a 1 µm pore size quartz fiber QMA filter. The 
volume filtered was determined via flow meters mounted below each filter head, and the 




caps were placed on the top of the pump heads and they were brought into a clean 
laboratory for sub-sampling.  
3.2.2 Total 210Po and 210Pb 
Total 210Po and 210Pb activities were determined from the seawater samples by the 
cobalt-ammonium pyrrolidine dithiocarbamate (Co-APDC) technique (Fleer and Bacon, 
1984). Samples were acidified to a pH < 2 with concentrated HCl immediately after 
collection and spiked with known amounts of 209Po and stable lead as chemical yield tracers. 
After vigorous stirring and at least 12 h of isotope equilibration, cobalt nitrate and APDC 
solutions were added to co-precipitate Po and Pb. Samples were filtered through a 0.45 µm 
membrane filter and the filters with the precipitate were placed into clean falcon tubes, 
sealed with parafilm, and stored in double-bags. As the delay between sample collection 
and first Po plating increases, the uncertainty of the calculated 210Po activity also increases. 
In addition, it is necessary to balance counting periods with the number of samples as the 
uncertainty due to alpha spectrometry counting decreases by increasing the counting time. 
To limit the delay between sampling and processing and to ensure higher counting statistics 
by having more alpha spectrometers devoted to this project, sample processing and 
analyses were split between Universitat Autònoma de Barcelona (UAB) (samples from 
stations 1, 13, and 21) and Queens College (QC) (stations 26, 32, 38, 44, 60, 69, and 77). 
Both laboratories followed the same procedure. Briefly, the filters were digested into a 
solution of concentrated HNO3 and HCl, and after the solution was evaporated to dryness, 
the samples were recovered in 1M and 0.5 M HCl solution at UAB and QC, respectively 




(Flynn, 1968) with one side covered by enamel paint was placed into the weak acid solution 
and heated so that the polonium nuclides were spontaneously plated onto only one side of 
the disc. The activities of both Po nuclides on the disc were measured by alpha 
spectrometry. Any 210Po and 209Po remaining in the plating solution was removed using 
AG 1-X8 anion exchange resin and the final solution was re-spiked with 209Po and stored 
for more than 6 months to allow ingrowth of 210Po from the decay of 210Pb.  
The 210Pb activity was then determined by re-plating the solutions using silver discs 
and measuring the ingrown 210Po. Two aliquots of the plating solutions for each sample 
were taken before the first and second platings for the measurement of total Pb 
concentration by inductively coupled plasma mass spectrometry (ICP-MS) to determine 
sample recovery during processing. The average recoveries produced by UAB and QC 
were 83 ± 11% (n = 54) and 76 ± 14% (n = 144), respectively. The activities of 210Po and 
210Pb at the time of collection were determined by a series of corrections, including nuclide 
decay, ingrowth, chemical recoveries, detector backgrounds, and blank contamination 
following the methods in Rigaud et al. (2013). The activity uncertainties from UAB were 
on average 8% for both 210Po and 210Pb activity, while the QC uncertainties were on average 
13% for 210Po activity and 16% for 210Pb activity. The greater uncertainties of 210Po and 
210Pb activities in the samples processed at QC were due to the longer delay between 
sampling and first plating (68 vs. 50 d) and higher uncertainties in the determination of the 




3.2.3 Particulate 210Po and 210Pb 
After collection via in situ pumping, one quarter (equivalent to ~ 220 L) of the 
PETEX screen containing > 53 µm or “large” particles was processed for radionuclide 
activity. Swimmers were carefully removed from all samples. The QMA filters containing 
1-53 µm or “small” particles were sub-sampled (2 – 4 punches of 12 mm-diameter) 
achieving a mean effective volume of ~ 66 L. The screens and punches were stored in 
double-bags at -80 °C until the analyses onshore. The particulate samples were split 
between the two laboratories in parallel to the seawater samples. The filters were spiked 
with 209Po tracer solution and stable lead, digested using a mixture of concentrated HF, 
HNO3 and HCl at UAB, but only HNO3 and HCl at QC. After multiple rounds of digestion 
and evaporation to near dryness, the samples were recovered in 0.5 M HCl solution. Any 
remaining pieces of filter which were not completely digested were carefully removed, 
rinsed with 0.5 M HCl solution several times, and then discarded. The analyses of the 
particulate radionuclide activities were identical to those for the seawater samples 
described in Sect. 3.2.2. 
3.2.4 Concentration of suspended particulate matter (SPM) 
The Helene Planquette group (University of Brest, co-authors in this issue) 
collected subsamples from the same screens and filters that were sampled previously for 
radionuclides to determine major phase composition (particulate organic matter (POM), 




therein Lam et al., 2015). The mass concentration of SPM was calculated as the sum of the 
chemical dry weight of the major particulate phases.  
The calculated SPM concentration was compared to the in-situ transmission data 
obtained from the rosette CTD sensor (Fig. A. 1). The overall negative relationship was 
statistically significant (R2 = 0.7, n = 53, p < 0.0001), suggesting that the SPM 
concentrations determined were reasonable estimates of particle concentration in the water 
column. We used the SPM values to determine the partitioning coefficient, Kd, for 
210Po 
and 210Pb in Sect. 3.4.4. 
3.2.5 Satellite-based data 
The 8-day composites of surface chlorophyll-a concentration for each station were 
retrieved from NASA’s MODIS products (https://oceancolor.gsfc.nasa.gov) for the period 
from January to July 2014. The time-series chlorophyll-a concentrations were used to show 
the development of a phytoplankton bloom over time along the transect.  
3.2.6 Historical values 
The historical data of the particulate 210Po and 210Pb activity, and the hydrological 
parameters (pressure, temperature, salinity, and dissolved oxygen) were obtained from 
databases and publications. The location, date, database address or publication name, and 
type of data (particulate 210Po and 210Pb activity or hydrological parameters) from all other 




3.2.7 Apparent oxygen utilization 
Apparent oxygen utilization (AOU = O2 saturated – O2 measured) is defined as the 
difference between the saturated oxygen at a given temperature and salinity and the 
measured in-situ oxygen concentration (Ito et al., 2004; Duteil et al., 2013). A positive 
AOU indicates either water mass aging and outgassing of oxygen or biological activity, 
namely respiration (e.g. Keeling et al., 1998; Boyer et al., 1999). Negative AOU, indicating 
that the water is oversaturated with dissolved oxygen, can appear under the conditions of 
an intense bloom (e.g. Coppola et al., 2017). 
The dissolved oxygen concentration was measured by Winkler titration and the 
saturated oxygen concentration was calculated as a function of in-situ temperature and 
salinity, and one atmosphere of total pressure based on the built-in function in Ocean Data 
View (https://odv.awi.de). 
3.2.8 Statistical analysis 
Statistical analyses were carried out in R Studio version 3 using Fitting Linear 
Models, and Welch Two Sample t-tests. Linear regression analysis was used to investigate 
the relationship between total particulate 210Po/210Pb AR and AOU. The Welch Two 
Sample t-test was applied to assess whether the mean of the total particulate 210Po/210Pb 
AR was the same as the mean of the small particulate 210Po/210Pb AR. It was also applied 






3.3.1 Total 210Po and 210Pb activities 
Total 210Po activities (210Pot) in all samples ranged from 2.2 to 16.4 dpm 100 L
-1 
and the mean 210Pot was 8.8 ± 2.4 dpm 100 L
-1 (n = 198, Fig. 3.2). 210Pot activities were 
generally low within the mixed layer and euphotic zone (15 – 47 m), slightly increased or 
remained relatively constant in the depth range between the mixed layer and 250 m, and 
then decreased with water depth at most of the stations except station 26. Near the seafloor, 
stations 1, 13 and 44 had a slight increase of 210Pot activity.  
Total 210Pb activities (210Pbt) were between 2.1 and 20.6 dpm 100L
-1 with a mean 
value of 10.0 ± 3.0 dpm 100 L-1 (n = 198, Fig. 3.2). 210Pbt activities were low in the surface, 
slightly increased in the subsurface and decreased with water depth. Stations 1, 13, 44, and 
60 exhibited an increase near the seafloor. 
The mean 210Pot/
210Pbt activity ratio (AR) of all samples was 0.92 ± 0.28 (n = 198, 
Fig. 3.2). When considering different basins separately, there is a tendency of decreasing 
210Pot/
210Pbt AR from the West European Basin (1.10 ± 0.35) westwards to the Iceland 
Basin (0.90 ± 0.19) and the Irminger Sea and the Labrador Sea (0.80 ± 0.18 and 0.83 ± 
0.21, respectively).  
For all regions, significant deficits of 210Pot (0.80 ± 0.20, n = 40) were observed 




at some shallow depths (i.e. 80 m at station 44) and even in surface waters (i.e. 15 m at 
station 38). 210Pot excesses relative to 
210Pbt, which were larger than 
210Pot surface 
depletions at the same stations, were observed below the surface at some depths at stations 
1, 13, and 21 in the West European Basin (Fig. 3.2). At depths below the surface to ~ 1500 
m in the Iceland Basin, the Irminger Sea, and the Labrador Sea, the water samples still 
indicated a 210Po deficiency (AR: 0.84 ± 0.17, n = 27). Secular equilibrium was generally 
reached near the bottom depths in all basins except at stations 13 and 60 where the water 
samples were either enriched in 210Pot (
210Pot/
210Pbt AR = 1.58 ± 0.16) or depleted in 
210Pot 
(210Pot/




Figure 3. 2 The depth profiles of total 210Po (210Pot, red circles) and 210Pb activities (210Pbt, grey squares) along GEOVIDE section. The 
horizontal blue line is the bottom depth, which coincided with the deepest water sample except for station 26 which was sampled only 
down to 1000 m. Note that the depth scale for each plot may be different. The profiles are shown in the order of sampling date with 







Figure 3. 3 The upper 250 m of the depth profiles of total 210Po (210Pot, red circles) and 210Pb activities (210Pbt, grey squares) along the 
GEOVIDE section. The horizontal orange and magenta lines denote the mixed layer depth (MLD) and the base of the euphotic zone 







3.3.2 Particulate 210Po and 210Pb activities 
Small particulate 210Po (210Pos) activities varied in a wide range from 0.08 to 4.82 
dpm 100L-1 (mean: 0.76 ± 0.63 dpm 100L-1, n = 81), about 83% of the values in the small 
particles were lower than 1.0 dpm 100L-1 with higher 210Pos values generally observed in 
the surface samples (Fig. 3.4, Table B.2). The range of small particulate 210Pb (210Pbs) 
activities was 0.07 to 2.89 dpm 100L-1 (mean: 0.56 ± 0.46 dpm 100L-1, n = 81). The vertical 
profiles of 210Pbs were generally similar to those of 210Pos, with relatively high activity in 
the surface, lower activity in the subsurface and increasing activity with depth (Fig. 3.4). 
This has been seen in the North Atlantic along the GEOTRACES GA03 transect (Rigaud 
et al., 2015). The mean 210Pos/210Pbs activity ratio (AR) was 1.43 ± 0.96 in the surface 
waters (n = 14, ≤ 47 m), and 1.57 ± 0.90 with all samples included (n = 81, 8 – 3440 m). 
While most surface observations had an AR of 210Pos/210Pbs higher than unity, 5 surface 
samples at stations 69 and 77 showed an enrichment of 210Pb activity over 210Po 
(210Pos/210Pbs AR: 0.62 ± 0.18). 
Large particulate 210Po (210Pol) activities ranged from 0.01 to 0.83 dpm 100L-1 with 
a mean of 0.10 ± 0.12 dpm 100L-1 (n = 59, Fig. 3.5, Table B. 2). The range of 210Pb activity 
in the large particles (210Pbl) was from 0.02 to 0.67 dpm 100L-1 (mean: 0.12 ± 0.14 dpm 
100L-1, n = 59). The highest 210Pol and 210Pbl values were found at 30 m at station 26. The 
mean 210Pol/210Pbl activity ratio (AR) was 1.09 ± 1.54 in the surface waters (n = 14, ≤ 47 
m), and 1.06 ± 0.86 when all data were considered (n = 59, 8-800 m). There were 17% of 




(mean AR: 0.49 ± 0.23), particularly in surface waters from the western section. We 
address this issue further in Sect. 3.4.2 and 3.4.3.  
The percentages of total 210Po activity in the small and large particles ranged from 
0.9 to 46.7% (mean: 8.0 ± 6.7%) and from 0.1 to 8.9% (mean: 1.2 ± 1.5%), respectively. 
The percentage of total 210Pb activity ranged from 0.7 to 21.4% (mean: 4.9 ± 3.8%) and 
from 0.2 to 5.9% (mean: 1.1 ± 1.2%) in the small and large particulate phase, respectively. 
These values revealed that both radionuclides were predominantly present in the dissolved 
phase along this transect, as is commonly found in the ocean. The particulate percentages 
reported here are similar to the values reported from the FS “Meteor” cruise 32 in the North 
Atlantic (Bacon et al., 1976) and along the North Atlantic GA03 transect (Rigaud et al., 
2015). 
We then combined radionuclide activity on the small and large particles from the 
same depth as the total particulate activity. There were 56 samples in total (surface to 800 
m) and 41 of them were from the upper 200 m. Most of the total particulate 210Po (210Pop) 
and 210Pb (210Pbp) activity was on the small particles, with 86% of 210Pop and 80% of 210Pbp 
on the small size fraction (data not shown). The total particulate 210Po and 210Pb AR 
(210Pop/210Pbp) had the same mean as that of the small particulate 210Po and 210Pb AR 
(210Pos/210Pbs) (Welch Two Sample t-test, n = 56, p = 0.1), indicating that the values of the 
210Pop/210Pbp activity ratios were driven by the small particles. While the majority of 
particulate matter was enriched in 210Po (210Pop/210Pbp AR> 1), there were 13 out of 56 total 




activity ratios from this study are compared to the results from previous studies in various 





Figure 3. 4 Vertical profiles of the particulate 210Po and 210Pb activity in the small size 
fraction (1-53 µm, 210Pos, 210Pbs). Note that the depth scale may differ among plots, and 
the activity scale at Station 44 differs from the scale on all other plots. The horizontal 





Figure 3. 5 The vertical profiles of the particulate 210Po and 210Pb activity in the large size 
fraction (> 53 µm, 210Pol, 210Pbl) in the top 800 m. Note that the activity scale at Station 





3.4.1 Total 210Po and 210Pb activities 
The overall profiles of 210Pot and 210Pbt activities were different among basins (Fig. 
3.2). The deficiencies of 210Pot activities with respect to 210Pbt activities in the surface 
samples from the Iceland Basin, the Irminger Sea, and the Labrador Sea were generally 
greater than those from the West European Basin. Such disequilibria generally extended to 
the deep waters (1700 – 2950 m). In contrast, 210Pot activities in the West European Basin 
were generally enriched relative to 210Pbt activities from below the surface to the bottom 
of the profile. In the West European Basin, the sub-surface 210Pot activity excess was much 
larger than the surface depletion, suggesting that some external source would be needed to 
maintain this excess 210Po activity within the water column. One possible source of these 
sub-surface 210Po activity excesses below 2000 m at stations 1 and 13 could be the lower 
North-East Atlantic Deep Water (NEADWL) which was the dominant water mass in the 
Iberian Basin from 2000 m to the bottom, and had a concentration of silicate up to 48 µmol 
kg-1 (García-Ibáñez et al., 2015). High activity of 210Po in deep samples could be due to the 
dissolution of diatoms or herbivore feces (Cooper, 1952). As these particles sink and 
dissolve, 210Po activity may have been preferentially released to the dissolved phase 
compared to 210Pb activity (Bacon et al., 1976), leading to 210Po excess observed in the 
deep waters at stations 1 and 13. For the sub-surface 210Po activity excesses at station 1 
between 400 and 1000 m where lateral inputs of particulate Fe from the margin was 
observed (Gourain et al., 2018), the likely process is diffusion of 210Po from those particles 




by lateral advection. An alternative source of 210Po activity excess between 50 and 250 m 
at stations 1 and 13 (Fig. 3.3) could be the eastern boundary upwelling along the coast of 
the Iberian Peninsula (García-Ibáñez et al., 2015). Even though no strong upwelling events 
were revealed from temperature and density profiles during the cruise, northerly winds 
favoring upwelling were recorded 2 – 3 months before the sampling (Shelley et al., 2017). 
The deep water may have excess 210Po activity due to the remineralization of sinking 
particles. The upwelling of this water mass prior to the sampling date could maintain such 
sub-surface excess 210Po activity. Similar findings have been reported in the Cariaco 
Trench for the upper 300 m of the water column by Bacon et al. (1980a). 
As atmospheric deposition is the main source of 210Pb to the water column (e.g. 
Masqué et al., 2002), we divided the GA01 transect into a western section (stn. 44 – 77) 
and an eastern section (stn. 1 – 38) based on atmospheric deposition boxes described in 
Shelley et al. (2017). Total atmospheric deposition fluxes of a suite of aerosol-sourced trace 
metals (TEs) were reported to be higher in the east than the west for 18 out of 19 TEs 
(Shelley et al., 2017). However, a two sample t-test revealed a greater mean of 210Pbt 
activity in surface waters in the western than in the eastern section (p < 0.02, mean: 12.1 
vs. 10.4 dpm 100 L-1), despite the fact that 210Pb is usually associated with aerosols. Even 
though the direct input of atmospheric 210Pb may be larger in the east (assuming it behaves 
like the other trace metals, but without aerosol 210Pb data we cannot confirm this), 
alternative inputs of 210Pb from freshwater (e.g., sea ice processes and meteoric water) 
could be a greater source of 210Pb activity to the west. The freshwater sources over the 
Greenland shelf and slope have been identified by Benetti et al. (2017), and were believed 




Greenland during this cruise. This result highlights the need in the future to measure 210Pb 
activity simultaneously in the atmospheric and local freshwater sources in order to account 
for all source terms. 
3.4.2 Total particulate 210Po/210Pb AR 
A proposed explanation for the depletion of 210Po activity relative to 210Pb activity 
(AR <1) in some particles is effective recycling, commonly characterized by a subsurface 
excess of dissolved 210Po activity released from enriched particles leaving the surface. 
Bacon et al. (1976) suggested that the efficiency of this recycling could reach up to 50%, 
while there is no significant concurrent release of 210Pb activity in the water column. 
Laboratory studies have found the release rate of 210Po in marine particulate matter to be 
significant; for example, 41% of the 210Po activity in euphausiid fecal pellets was released 
over 5 days as presented in Heyraud et al. (1976). An alternative explanation for the 
depletion of 210Po activity in particles is their lithogenic origin. 210Po/210Pb AR in lithogenic 
particles was reported to be similar to or less than unity (Nozaki et al., 1998; Tateda et al., 
2003). In addition, the AR < 1 observed at station 1 (120, 250, and 550 m) could be 
associated with lithogenic particles from the Iberian Margin where 100% of the particulate 
Fe (PFe) had a lithogenic origin while the lithogenic contribution to PFe at other stations 
was smaller (Gourain et al.).  
The time-series chlorophyll-a concentrations (8-day composite, 
https://oceancolor.gsfc.nasa.gov) from January to July 2014 at each station revealed bloom 




since the last bloom began prior to the sampling date for each station (Table 3.1) and put 
these data into the context of the low 210Pop/210Pbp AR (< 1) in the total particles > 1 µm 
(Fig. 3.7). Eight stations had total particulate samples with 210Pop/210Pbp AR lower than 
unity from either shallow or deep waters. Specifically, when the time since the last bloom 
began was relatively short (25 – 47 d) the samples with 210Pop/210Pbp AR < 1 were observed 
in the shallow waters (10 – 60 m). In contrast, as longer time (50 – 74 d) passed since the 
last bloom, the depths at which samples had 210Pop/210Pbp AR < 1 were found to be much 
deeper (120 – 500 m). The results indicated that post-bloom particles could be recycled for 




Table 3. 1 Biological characteristics of the water column determined by chlorophyll-a 
concentration (8-day composite) from Fig. 3.6, including the date when the last bloom 
began, the difference in chlorophyll-a concentration between the sampling time and last 
bloom peak, and the days since the last bloom. Activity ratios of 210Pop/210Pbp < 1 and 
their corresponding depths are also shown. NA indicates that all samples from the 
corresponding depth range had 210Pop/210Pbp equal to or greater than 1 (no sample with 
















210Pop/210Pbp < 1 
          0-100 m > 100 m 
1 5/19/14 3/6/14 Large 74 NA Yes (120, 250, 500 m) 
13 5/24/14 4/7/14 Small 47 Yes (60 m) NA 
21 6/1/14 4/7/14 Large 55 NA Yes (120 m) 
26 6/4/14 4/15/14 Large 50 NA Yes (400 m) 
32 6/8/14 5/9/14 Small 30 NA NA 
38 6/11/14 5/17/14 Small 25 Yes (60 m) NA 
44 6/13/14 5/9/14 Small 35 NA NA 
60 6/18/14 5/17/14 Large 32 NA NA 
64 6/20/14 5/17/14 Small 34 Yes (30 m) NA 
69 6/22/14 5/25/14 Small 28 Yes (20, 30 m) NA 





Figure 3. 6 Time-series (January 1 – July 12, 2014) chlorophyll-a concentrations (8-day 
averages) from Aqua MODIS (https://oceancolor.gsfc.nasa.gov) at each station along the 
GA01 transect. The vertical red line denotes the sampling date at each station. The 
horizontal blue line denotes chlorophyll-a concentration of 0.5 mg m-3. The time when 
chlorophyll-a concentration first exceeded 0.5 mg m-3 after the end of the last bloom 






Figure 3. 7 Depths at which the total particulate (> 1 µm) 210Po/210Pb activity ratio was 
lower than unity vs. the time since the last bloom (data is presented in Table 3.1). 
The averages of 210Pop/210Pbp AR within the upper 200 m water column were put 
into a global context with previously reported results (Fig. 3.8). Total particulate 
210Po/210Pb AR in the open ocean in previous studies (e.g., Equatorial/western Pacific, 
Bellingshausen Sea, Bermuda Atlantic Time-series Study (BATS) site, Labrador Sea) were 
generally greater than unity. In contrast to the open ocean, the data show a distinct trend of 
depletion of relative 210Po activity in marine particles from the shallow seas of the high 
latitude northern hemisphere. The lowest total particulate 210Po/210Pb AR values (Table 3.2, 
0.4 – 0.5) were found in the Chukchi shelf (He et al., 2015) and other seas from the Eurasian 




Previous studies have observed depletion of relative 210Po activity in nearshore particles in 
the Yellow Sea (Hong et al., 1999), in the turbid waters off of western Taiwan (Wei et al., 
2012), on the shelf of Woods Hole, MA (Rigaud et al., 2015), and now in the margin station 
off St. John’s, Canada (this study). The previous authors attributed the relative depletion 
of particulate 210Po activity in the nearshore waters to the terrestrial origin/riverine input of 
particles with a low 210Po/210Pb AR. This may partially explain low activity ratios in the 
samples from the shelf of the Arctic Ocean as well, since it receives ~ 10% of global river 
runoff and is the most riverine-influenced of all of the world’s oceans (Opsahl et al., 1999; 
Carmack et al., 2006). The Arctic Basin, similarly, had widespread deficits of particulate 
210Po activity in the upper water column during the sea-ice minimum in 2007(Roca-Martí 
et al., 2018). Besides shelf particles, the authors suggest that other particle types could also 
play a role in lowering the particulate AR, including sea-ice sediments, remineralized 







Table 3. 2 The compilation of total particulate 210Po/210Pb activity ratios (210Pop/210Pbp) averaged in the upper 200 m, including this 
study. 




210Pop/210Pbp Reference   
Arctic 
CESAR In situ pump Apr – May 83 > 0.45 2-200 1.2 ± 0.7 (Moore and Smith, 1986) 
Arctic (ARK-XXII/2) Niskin bottle Jul-Sep 07 > 0.45 10-200 0.5 ± 0.2 (Friedrich, 2011) 
Chukchi Shelf Niskin bottle Jul-Sep 10 > 0.45 0-90 0.4 ± 0.1 (He et al., 2015) 
Atlanti
c 
F.S. Meteor Niskin bottle Nov-Dec 73 > 0.4 0-200 3.1 ± 1.4 (Bacon, 1977)   
Cariaco Trench Niskin bottle Dec 73 > 0.4 0-200 1.4 ± 1.6 (Bacon et al., 1980a) 
Labrador (R/V 
Knorr) Niskin bottle Jun 75 > 0.4 0-100 3.9 ± 1.5 (Bacon et al., 1980b) 
South of New 
England Niskin bottle Jul 80 > 0.45 4-200 1.8 ± 0.8 (Bacon et al., 1988) 
N. Atlantic (BOFS) Niskin bottle May-Jun 89, 90  > 0.45 0-150 6.0 ± 4.5 (Lowry et al., 2016) 
South-equa. Atlantic Niskin bottle May-Jun 96 > 0.7 10-200 1.3 ± 1.1 (Sarin et al., 1999) 
BATS Go-Flo bottle Oct 96 > 0.45 0-200 3.7 ± 3.2 (Kim and Church, 2001) 
N. Atlantic (GA03) In situ pump Oct-Nov 10, Nov-Dec 11 > 0.8 30-200 1.5 ± 0.5 (Rigaud et al., 2015) 
N.  Atlantic (GA01) In situ pump May-Jun 14 > 1 8-200 1.4 ± 0.3 This study   
Pacific 
North Pacific Niskin bottle Nov 73 > 0.4 10-150 8.5 ± 5.7 (Bacon et al., 1976) 
W. Pacific (FR05/92) Niskin bottle Jul 92 > 0.45 0-200 1.3 ± 1.0 (Towler, 2003) 
 
Equa. Pacific Go-Flo bottle Aug-Sept 92 > 0.45 or 0.5  0-200 5.1 ± 1.2 (Murray et al., 2005) 







Table 3. 2 (continued) 
Pacific 
W. Pacific (FR07/97) Niskin bottle Aug 97 > 0.45 0-200 7.2 ± 1.5 (Peck and Smith, 2002) 
Aleutian Basin  Niskin bottle Jul-Aug 08 > 0.2 0-200 1.9 ± 3.0 (Hu et al., 2014) 
E. Pacific (GP16) In situ pump Oct-Dec 13 > 1 15-200 2.4 ± 0.6 unpublished  
Antarctic 
S. Ocean (ANT-X/6) Niskin bottle Oct-Nov 92 > 0.45 20-200 3.0 ± 1.4 (Smetacek et al., 1997) 
Bellingshausen Sea Go-Flo bottle Nov-Dec 92 > 0.45  0-100 13.9 ± 10.5 (Shimmield et al., 1995) 
S. Ocean (ANT-
XXIV/3) Niskin bottle Feb - Apr 08 > 0.45 25-200 1.3 ± 0.9 (Friedrich et al., 2011) 
Margin 
Sea 
S. China Sea  Go-Flo bottle Jan-Oct 07, May 08 > 0.45 0-200 1.7 ± 1.1 (Wei et al., 2014) 
W. Taiwan  Go-Flo bottle Apr 07 > 0.45 8-25 0.8 ± 0.1 (Wei et al., 2012) 
Yellow Sea Niskin bottle Feb 93 > 0.7 0-100 0.9 ± 0.1 (Hong et al., 1999) 









Figure 3. 8 Comparison of particulate 210Po/210Pb activity ratios in the upper 200 m from 
this study and 20 previous studies (references in Table 3.2). Information about the study 
site, sampling date, method, and particle size of each study are shown in Table 3.2. The 
black circles represent data from previous studies while the blue circles are the results 
from samples analyzed at QC from three recent GEOTRACES transects (GA03, GP16, 
and this study, GA01 GEOVIDE). The filled magenta and open circles indicate activity 





3.4.3 Relationship between total particulate 210Po/210Pb AR and AOU 
AOU is a time-integrated measure of the amount of oxygen removed during the 
biogeochemical processes (e.g. respiration, remineralization, oxidation) in the ocean 
interior. Therefore, AOU is a product of apparent oxygen utilization rate (AOUR) and the 
age of water mass (e.g. Stanley et al., 2012), i.e. high AOU could be due to either intense 
biogeochemical processes that have occurred in a short period of time (young water mass) 
or weaker processes over a longer period of time (old water mass). Consequently, the rate 
of these biogeochemical processes and time (water mass age) would have different/similar 
impacts on the 210Pop/210Pbp AR value depending on the initial AR in the particles and the 
natural of the particles. For example, the 210Pop/210Pbp AR would tend to increase with time 
if the initial AR is < 1 because particulate 210Po activity would increase from the decay of 
210Pb and trend towards secular equilibrium (210Pop/210Pbp AR = 1), and to decrease with 
time if the initial AR is > 1 as the original excess of particulate 210Po activity would 
disappear after 7 half-lives of 210Po. In contrast, oxygen consumption due to bacterial 
remineralization would preferentially release 210Po activity from particles into the 
dissolved pool (e.g. Stewart et al., 2008), leading to a lower 210Pop/210Pbp AR in those 
particles.  
The combination of average 210Pop/210Pbp AR and their corresponding average 
AOU in the upper 200 m at 40 stations from 4 independent studies, including ARK-XXII/2 
(77.38 – 87.83 ºN, n = 15) in the Arctic, BOFS (48.89 – 49.87 ºN, n = 7), GA03 (22.38 – 
39.70 ºN, n = 7), and GA01 (this study, 40.33 – 59.80 ºN, n = 11) in the North Atlantic (see 




25 µmol kg-1, the 210Pop/210Pbp AR was found to be greater than unity, together with a linear 
negative relationship (n = 27, R2 = 0.5, p < 0.001) towards the AOU at 25 µmol kg-1. In 
contrast, AOU values greater than 25 µmol kg-1 were coincident with a 210Pop/210Pbp AR < 
1, and there was a linear positive relationship (n = 12, R2 = 0.4, p = 0.03) towards the 
highest AOU values measured. The two contradictory linear trends likely reflect the nature 
of the particles. For example, the observation of 210Pop/210Pbp AR > 1 with AOU < 25 µmol 
kg-1 may suggest relatively fresh/organic particles in the young water mass. When AOU 
increases either due to water mass aging or higher AOUR, the 210Pop/210Pbp AR decreases 
with a slope of -0.17 ± 0.04. On the other hand, refractory/lithogenic particles may be 
suggested by the observation of 210Pop/210Pbp AR < 1 with AOU > 25 µmol kg-1. For those 
particles, increasing in AOU either due to water mass aging or higher AOUR would change 
the 210Pop/210Pbp AR to a much lesser degree than that for organic particles with a slope of 
0.008 ± 0.003. This explanation, however, appears to only hold for the high latitude 
Northern Hemisphere where 210Pop/210Pbp activity ratios were generally lower than those 
in the other oceanic settings (Fig. 3.8). In the high latitude Southern Hemisphere near 
Antarctic (e.g., ANT-X/6), for example, there is no apparent relationship between 
210Pop/210Pbp activity ratios and AOU. This relationship (or lack thereof) deserves more 





Figure 3. 9 The relationship between AOU (µmol kg-1) and total particulate 210Po/210Pb 
activity ratio (210Pop/210Pbp) from the upper 200 m in the northern hemisphere (> 22 ºN) 
investigated by a linear regression model (red and blue lines). The 40 stations include 
data from previous studies, ARK-XXII/2 (77.38-87.83 ºN, n = 15) in the Arctic, BOFS 
(48.89-49.87 ºN, n = 7), GA03 (22.38-39.70 ºN, n = 7), and this study, GA01 (40.33-
59.80 ºN, n = 11) in the North Atlantic. The horizontal dashed line represents 
210Pop/210Pbp AR = 1 and the vertical dashed line represents AOU = 25 µmol kg-1. Blue 




3.4.4 Relationship among small particles, adsorption, and scavenging 
The partitioning coefficient, Kd (L kg-1), has been used to describe the particle 
adsorption behavior of radionuclides. It is defined as the ratio of the adsorbed radionuclide 
activity (!" , dpm 100L-1) to the dissolved radionuclide activity (!# , dpm 100L-1), 
normalized by the suspended particulate matter concentration ($%&, µg L-1): 
'# = 	 *+*, ×
.
/01 10
4           (3.1) 
Owing to the different biological and chemical behaviors of 210Po and 210Pb, the 
interpretation of measured Kd for 210Po (Kd(Po)) may not be as clear as that for 210Pb 
(Kd(Pb)). As claimed previously in Tang et al. (2017), Kd(Po) is complicated because it 
appears to reflect both the surface adsorption and potential bioaccumulation.  
In this study, the size-fractionated data of both radionuclide activity and SPM 
allowed us to calculate the partitioning coefficients for both radionuclides on small and 
total particles. The dissolved radionuclide activity was calculated as the difference between 
total and particulate activity. The coefficients for the small particulate and the total 
particulate phases were normalized by the SPM in the small and total particulate phases, 
respectively. We present only the coefficients for the small particulate phases (Kd(Po)s, 
Kd(Pb)s) and the total particulate phases (Kd(Po)p, Kd(Pb)p) because most of the particulate 
activity (> 80%) was associated with the small particles along the GEOVIDE transect, and 
most conceptualized scavenging models consider either the two-box model (dissolved – 




Kd(Po)s) (Clegg and Whitfield, 1990; 1991; Rigaud et al., 2015) and thus activity is 
concentrated from the dissolved phase to the total or small particles.  
 
Figure 3. 10 Comparison of the partitioning coefficient (Kd, L kg-1) between the dissolved 
and small particulate phases (Kd(Po)s, Kd(Pb)s) vs. between the dissolved and total 
particulate phases (Kd(Po)p, Kd(Pb)p) for (A) 210Po and (B) 210Pb. The 1:1 line is indicated 




The average values of Kd(Po) was 1.6 times of those of Kd(Pb) in both small and 
total particulate phases, suggesting a higher affinity with particles for 210Po with respect to 
210Pb, which is commonly observed in the global ocean (Bacon et al., 1988; Hong et al., 
1999; Masqué et al., 2002; Wei et al., 2014; Tang et al., 2017). The Kd values for the small 
particulate phase were slightly higher than those for the total particulate phase but overall 
these values were very similar for both radionuclides (Fig. 3.10), suggesting that 
adsorption/scavenging of radionuclides was driven by small particles along the transect. In 
addition, there are increasing studies which argue that small particles can form aggregates 
that sink, and their contribution to carbon export could be larger than previously thought 
(e.g. Richardson and Jackson, 2007; Lomas and Moran, 2011; Amacher et al., 2013; 
Puigcorbé et al., 2015).  We, therefore, recommend combining the activities of both small 
and large particles into a total particulate fraction in order to explain total 210Po/210Pb 
disequilibria in the surface waters, and utilizing the characteristics of the total particles 
(instead of just the large particles) in the estimation of the POC export fluxes (Tang et al., 
2019).  
Traditionally, large particles collected by in-situ filtration with pumps, most 
commonly defined as particles larger than 53 or 70 µm, were assumed to dominate the 
sinking flux (Dugdale and Goering, 1967; Bishop et al., 1977; Fowler and Knauer, 1986; 
Honjo et al., 1992; Walsh and Gardner, 1992) such that the composition (POC/210Po) of 
the large particle size class was used to convert 210Po fluxes into POC export (e.g. Friedrich 
and Rutgers van der Loeff, 2002; Cochran and Masqué, 2003; Murray et al., 2005; Stewart 
et al., 2010; Roca-Martí et al., 2016). Given that the true size spectrum of sinking particles 




are sensitive to the particulate POC/210Po ratio, both small and large particles should be 
sampled for POC/210Po due to the variability in the POC/210Po ratio in different size classes 
(Hayes et al., 2018). 
3.5 Conclusions 
In this study, we reported the vertical distribution of total and size-fractionated 
particulate 210Po and 210Pb activities in the North Atlantic during the GEOVIDE GA01 
cruise. More than 90% of the radionuclide activity was found in the dissolved phase, while 
a small proportion was associated with particles in this transect. Total 210Po activity was 
generally depleted relative to total 210Pb activity in the upper 100 m due to the preferential 
adsorption of 210Po activity by particles. Such deficiencies of 210Po activities generally 
extended to the deep waters at most of the stations. In the West European Basin, the excess 
of 210Po activities at stations 1 and 13 in the North East Atlantic Deep Water was attributed 
to the release of 210Po during dissolution of sinking biogenic particles. 
There appear to be geographic differences in particulate 210Po/210Pb activity ratios 
measured during GEOVIDE and previous studies, with particularly low values in the high-
latitude North Atlantic and Arctic. While this observation deserves more attention, we 
support previous suggestions that this is due to the terrestrial origin/riverine input of 
particles with a low 210Po/210Pb AR into the river-dominated shallow seas of the Arctic. 
The age of the particles and water masses as well as the importance of biogeochemical 




as there was a significant relationship between the total particulate activity ratio and AOU 
when both were measured in the North Atlantic (> 20 ºN) and Arctic Oceans.  
Over 80% of the particulate radionuclide activity was on small particles, indicating 
that the scavenging of both radionuclides was driven by small particles. Therefore, we 
suggest considering the activities of 210Po and 210Pb from both small and large particles in 
order to study the water column 210Po/210Pb disequilibria and quantify POC export along 
the GA01 transect. This has been addressed in a companion paper in this issue. We 
recommend that both small and large particles should be sampled for POC/210Po estimates 
for the application of the 210Po/210Pb method in future studies of POC export. 
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The disequilibrium between 210Po activity and 210Pb activity in seawater samples 
was determined along the GEOTRACES GA01 transect in the North Atlantic during the 
GEOVIDE cruise (May – June 2014). A steady-state model was used to quantify vertical 
export of particulate 210Po. Vertical advection was incorporated into one version of the 
model using time-averaged vertical velocity, which had substantial variance. This resulted 
in large uncertainties for the 210Po export flux in this model, suggesting that those 
calculations of 210Po export fluxes should be used with great care. Despite the large 
uncertainties, there is no question that the deficits of 210Po in the Iberian Basin and at the 
Greenland Shelf have been strongly affected by vertical advection. Using the export flux 
of 210Po and the particulate organic carbon (POC) to 210Po ratio of total (> 1 µm) particles, 
we determined the POC export fluxes along the transect. Both the magnitude and efficiency 
of the estimated POC export flux from the surface ocean varied spatially within our study 
region. Export fluxes of POC ranged from negligible to 10 mmol C m-2 d-1, with enhanced 
POC export in the Labrador Sea. The cruise track was characterized by overall low POC 
export relative to net primary production (export efficiency < 1-15%), but relatively high 
export efficiencies were seen in the basins where diatoms dominated the phytoplankton 
community. The particularly low export efficiencies in the Iberian Basin, on the other hand, 
were explained by the dominance of smaller phytoplankton, such as cyanobacteria or 
coccolithophores. POC fluxes estimated from the 210Po/210Pb and 234Th/238U disequilibria 
agreed within a factor of 3 along the transect, with higher POC estimates generally derived 






The oceans play an essential role in the regulation of atmospheric CO2 and the 
buffering of the global climate system (e.g. Sabine et al., 2004) by removing carbon from 
the atmosphere via dissolution and photosynthesis in the surface ocean, and storing it in 
the dissolved or particulate forms. An important component of this oceanic sequestration 
is the biological carbon pump, driven by sinking particles from the surface to the deep 
ocean (e.g. Falkowski et al., 1998; Ducklow et al., 2001). 
The magnitude of particulate organic carbon (POC) export flux from the upper 
ocean was traditionally obtained from time-series sediment traps (e.g. Honjo et al., 2008) 
and the natural radiotracer pair, 234Th/238U (e.g. Bhat et al., 1968; Buesseler et al., 1992). 
Here we focus on the application of another natural radionuclide pair: polonium-210 (210Po, 
T1/2 = 138.4 d) and its progenitor lead-210 (210Pb, T1/2 = 22.3 y). The 210Po/210Pb pair has a 
different particle-binding dynamic compared to the 234Th/238U pair since both isotopes are 
particle reactive, whereas 238U is conservative and remains dissolved in seawater (Djogic 
et al., 1986). However, the nature of the particle association differs between the isotopes. 
Lead-210 and 234Th are only adsorbed to particle surfaces, whereas 210Po is both adsorbed 
to surfaces and biologically reactive so it can be assimilated by organisms and even 
bioaccumulated (Fisher et al., 1983; Cherrier et al., 1995; Stewart and Fisher, 2003a; 
2003b). This behavior leads to a higher partitioning coefficient (relative association 
between the isotope and the particulate vs. the dissolved phase) of 210Po compared to that 




Lead-210 in the water column comes both from atmospheric deposition and in situ 
production via the decay of 226Ra. The residence time of 210Pb in the atmosphere is only of 
days to weeks (Moore et al., 1974; Turekian et al., 1977). Polonium-210 (produced by 
decay of 210Pb via 210Bi) activity in aerosols, and the subsequent fluxes to the surface ocean, 
are only about 10 – 20% of those of 210Pb (Masqué et al., 2002). The large difference in 
their particle reactivity and half-lives often leads to a disequilibrium between 210Po and 
210Pb activities in the upper water column as particles sink.  
This deviation from secular equilibrium, often in the form of a deficit of 210Po 
activity with respect to 210Pb activity, can be used to estimate POC export in a similar 
manner to the application of the 234Th/238U disequilibrium (Friedrich and Rutgers van der 
Loeff, 2002; Verdeny et al., 2009; Wei et al., 2011). Particle export fluxes estimated from 
the 234Th/238U and the 210Po/210Pb disequilibria integrate export that has occurred on 
timescales of weeks to months prior to the sampling time, respectively. The use of both 
isotope pairs could provide complementary information on the causes, timing, and 
efficiency of export fluxes of POC (e.g. Murray et al., 2005; Stewart et al., 2007a; Roca-
Martí et al., 2016). 
In this study along the GEOTRACES GA01 transect in the North Atlantic, we first 
used a traditional scavenging model with the assumptions of steady-state and negligible 
physical transport to derive 210Po fluxes over different depths of the water column at 11 
stations. Then, vertical advection (primarily upwelling) was considered, and its impact on 
210Po flux was assessed. Using the POC concentration, and particulate 210Po activity in the 




magnitude and efficiency of carbon export derived from the 210Po/210Pb disequilibrium was 
considered in relation to the composition of the phytoplankton community. Finally, the 
POC export fluxes estimated from 210Po/210Pb disequilibria were compared with those 
derived from 234Th/238U disequilibria. 
4.2 Methods 
4.2.1 Cruise track and hydrographic setting 
The GEOVIDE cruise (GEOTRACES GA01 transect) was carried out in May - 
June 2014 from Lisbon to Newfoundland (Fig. 4.1). Seawater and particulate samples for 
210Po and 210Pb activity analysis were collected from the water column at 11 stations (Fig. 
4.1). The GA01 transect can be separated into five sections according to its biogeochemical 
characteristics, described in detail by Lemaitre et al. (2018). From east to west, these are 
the Iberian Basin (stations 1, 13), the Western European Basin (stations 21, 26), the Iceland 
Basin (stations 32, 38), the Irminger Basin (stations 44, 60), and the Labrador Basin 





Figure 4. 1 Map of stations occupied during the GA01 transect in the North Atlantic. The 
red squares indicate the stations where 210Po and 210Pb activities were measured as 
discussed in this study. The transect is divided into the Iberian Basin (stations 1, 13), the 
Western European Basin (stations 21, 26), the Iceland Basin (stations 32, 38), the 
Irminger Basin (stations 44, 60), and the Labrador Basin (stations 64, 69, 77). 
4.2.2 Radionuclides samples and analysis 
Radionuclide data were produced by two collaborating laboratories to ensure higher 
counting statistics for 210Po activity in the samples: the Laboratori de Radioactivitat 
Ambiental at Universitat Autònoma de Barcelona (UAB) (samples from stations 1, 13, and 
21) and the Stewart Laboratory at Queens College (QC) (samples from stations 26, 32, 38, 
44, 60, 69, and 77). The sampling method for total and particulate 210Po and 210Pb samples 
and the determination of the radionuclides activity was described in Tang et al. (2018). In 




Niskin bottles at 10 full water column stations (16 – 22 depths/station) and at 1 station to 
1000 m (9 depths), for a total of 200 samples. Particulate 210Po and 210Pb were collected at 
3 – 10 depths per station between 15 and 800 m by using McLane in situ pumps equipped 
with a 53 µm PETEX screen to capture the large-size particles and a 1 µm quartz fiber 
QMA filter to capture small particles. The average equivalent volume filtered for 
particulate 210Po and 210Pb samples through the PETEX screen was 200 L and through the 
QMA filter was 70 L.   
For water samples, Po and Pb isotopes (including the added chemical yield tracers 
of 209Po and stable lead) were co-precipitated with cobalt-ammonium pyrrolidine 
dithiocarbamate (Co-APDC) (Fleer and Bacon, 1984) at sea, but digested using 
concentrated HCl and HNO3 back at the home laboratories. Particulate samples were 
spiked with 209Po and stable lead before acid digestion (UAB: HNO3/HCl/HF, QC: 
HNO3/HCl). Polonium isotopes (209Po and 210Po) were plated by deposition onto a sliver 
disc (Flynn, 1968) and their activity was determined by alpha spectrometry. After 
removing any remaining Po isotopes by running the plating solution through an anion 
exchange column, the solution was respiked with 209Po and stored for at least 6 months. 
Lead-210 activity was determined by plating the ingrowth of 210Po from 210Pb.  
The activities of 210Po and 210Pb at the sampling date were determined by correcting 
for nuclide decay, ingrowth, chemical recoveries, detector backgrounds, and blank 




4.2.3 The 210Po flux method 
The export flux of 210Po was estimated from total 210Po and 210Pb activities using a 
one-box model (Broecker et al., 1973; Matsumoto, 1975; Savoye et al., 2006). The 210Po 
activity in the surface ocean is the result of a balance between atmospheric input, 
continuous production from the decay of 210Pb in seawater, radioactive decay of 210Po, 
removal onto sinking particles, and transport into or out of the box by advection and 
diffusion. Therefore, the general form of the mass balance equation for 210Po between 
sources and sinks is as follows: 
5%6 57⁄ = 90: +	<0:=0> − <0:=0: − % + @,             (4.1) 
where 5%6 57⁄  is the change in 210Po activity with time, 90:  (dpm m-2 d-1) is the 
atmospheric flux of 210Po to the sea surface, <0: is the decay constant of 210Po (0.005 d-1), 
=0> and =0: (dpm m-2) are the inventories of 210Pb and 210Po activities, % (dpm m-2 d-1) is 
the removal flux of 210Po via sinking particles, and @ (dpm m-2 d-1) is the sum of the 
advective and diffusive fluxes.  
The atmospheric flux of 210Po is usually ignored as it represents only ~ 2% of the 
in situ production of 210Po from 210Pb in the upper water column of the open ocean (e.g. 
Cochran, 1992; Masqué et al., 2002; Murray et al., 2005; Verdeny et al., 2008). We first 
used a steady-state (SS) model that assumes the negligible atmospheric input of 210Po 
activity and ignores advection and diffusion. In this case, the 210Po flux (% ) can be 




% = <0:(=0> − =0:).                               (4.2) 
The influences of advection and non-steady-state (NSS) processes on the overall 
210Po activity balance are discussed below in Sect. 4.4.1 and 4.4.2.  
Many previous studies have used a single fixed integration depth for export 
calculations at all sampling locations (e.g. 100 m in the Antarctic Circumpolar Current, 
Rutgers van der Loeff et al., 1997; 120 m in the central Equatorial Pacific, Murray et al., 
2005). The GA01 transect, however, crossed diverse physical and biogeochemical 
conditions. Thus, investigating export at a single fixed depth for every station may bias the 
spatial comparisons of particle export. In this study, four site-specific integration depths 
were used for each station: the mixed-layer depth (MLD), the depth of the euphotic zone 
(Z1%), the primary production zone (PPZ), and the 234Th-238U equilibrium depth (ThEq). 
The MLD was defined as a change in potential density of 0.03 kg m-3 relative to the 
potential density at 10 m (Weller and Plueddemann, 1996). Z1% was defined as the depth 
at which photosynthetic available radiation was 1% of its surface value (Jerlov, 1968). PPZ 
was the depth at which the fluorescence reaches 10% of its maximum (Owens et al., 2015). 
ThEq was the depth at the bottom of the total 234Th water column deficit, where the activity 
of 234Th equals that of 238U (data from Lemaitre et al., 2018), both to calculate 210Po and 
POC export and in order to compare the POC export fluxes estimated from the 210Po/210Pb 
disequilibria to those derived from the 234Th/238U disequilibria. Among the 11 stations, the 
depths of the MLD (23 ± 7 m) were similar to those at Z1% (31 ± 9 m), whereas the depths 
of the PPZ (72 ± 29 m) and ThEq (95 ± 43 m) were deeper and comparable to each other. 




available, the measured values of total 210Po and 210Pb activities were linearly interpolated 
(Table 4.1).  
The 210Po flux was then used to derive the flux of POC by multiplying the deficit 
of 210Po by the ratio of POC concentration to 210Po activity (POC/210Po) of the total and 
large particulate material. Particulate 210Po and POC data were not always available at the 
depths of the MLD, Z1%, PPZ, and ThEq at our study sites. To POC/210Po ratios at these 
depths, a regression was performed between the measured POC/210Po ratios and depth for 




Table 4. 1 The mixed-layer depth (MLD, defined as a change in potential density of 0.03 kg m-3 relative to the potential density at 10 
m), the depth of the euphotic zone (Z1%, defined as the depth at which photosynthetic available radiation was 1% of its surface value), 
the primary production zone (PPZ, at which the fluorescence reaches 10% of its maximum), and the 234Th-238U equilibrium depth (ThEq) 
at each station along the GA01 transect. Together with the 30-day (30 days prior to the sampling date) average vertical velocity within 
the 20 m under the corresponding depths (!"#, 10-6 m s-1, downwards as positive direction). Primary production (PP) and net primary 
production (NPP) rates derived from 24 h bottle incubations (Lemaitre et al., 2018; Fonseca-Batista et al., 2019) and from the VGPM 
products, respectively, are also presented. Note that the NPP rates were averaged for the previous 138 days (210Po half-life) prior to the 
sampling date. Dates are in mm/dd/yy format. 
St. Sampling date Basin Integration Depth (m) !"#	(10-6 m s-1) Production (mmol C m-2 d-1) 
MLD Z1% PPZ ThEq MLD Z1% PPZ ThEq PP ± NPP ± 
1 5/19/14 Iberian Basin 15 40 136 90 -1±5 -1±4 -3±2 -2±6 33 2 69 43 
13 5/24/14 Iberian Basin 35 40 90 110 0.1±3.1  0.1±3.1 -2±5 0.4±54.6 79 3 61 32 
21 5/31/14 Western European Basin 15 32 64 110 -1±2 -1±4 -1±5 0.1±5 135 2 109 112 
26 6/4/14 Western European Basin 30 30 98 100 -2±3 -2±2 -5±5 -5±4 174 19 58 57 
32 6/7/14 Iceland Basin 30 31 70 120 -1±9 -1±9 -4±20 -3±20 105 11 48 36 
38 6/10/14 Iceland Basin 30 30 69 80 1±3 1±3 3±4 3±5 68 7 44 37 
44 6/13/14 Irminger Basin 26 22 44 40 1±2 1±2 2±3 2±3 137 2 46 44 
60 6/18/18 Irminger Basin 17 20 36 100 -14±20 -14±20 -36±40 -11±70 166 32 50 51 
64 6/19/14 Labrador Basin 20 47 80 80 2±6 7±7 3±7 3±7 54 18 47 49 
69 6/22/14 Labrador Basin 20 28 44 40 -2±1 -2±3 -2±3 -2±3 27 5 46 56 






4.2.4 Quantification of the influence of the vertical advection on 210Po export 
Cyclonic or anticyclonic eddies constantly impact the horizontal velocity fields at 
our study sites (Zunino et al., 2017), changing the current directions and making it difficult 
to estimate the magnitude of horizontal velocities. This constant variability, together with 
the patchiness of sampling resolution, which was not high enough to assess the influence 
of horizontal advective processes on 210Po export estimates.  
However, because we had relatively high depth resolution at each station, we did 
attempt to assess the influences of vertical advection on 210Po inventories at all the 
investigated depths by measuring the vertical gradient of 210Po activity and multiplying it 
by a time-averaged vertical velocity. Because the water column inventory of 210Po 
represents an integration of the changes over approximately the mean life of the isotope, 
we did not use the vertical velocity measured by the acoustic doppler current profiler 
(ADCP) at the sampling time but a time-averaged vertical velocity from the Estimating the 
Circulation and Climate of the Ocean, Phase II (ECCO2). The activity gradient of 210Po 
below the depth z (i.e., the MLD, Z1%, PPZ, and ThEq) at each station was calculated from 
the depth ! (using the average activity in the layer of 0-! m) as starting point ("#$% ) and 
linearly interpolated through the measurements 20 m below ! ("#$& ) at each station. A 
positive gradient ("#$& - "#$%  > 0) was defined as higher activity at the depth of (! + 20 m) 
than the starting point. We labeled the vertical velocity as '&(, which was the 30-day (30 
days prior to the sampling date) average vertical velocity between the depths of z and (! + 




)* = 	'&( × ("#$& −	"#$% ).             (4.3)          
Total 210Po fluxes at each depth, therefore, are the sum of the steady-state values 
based only on the 210Po deficit (Eq. 4.2), 1#$(2#3 − 2#$), and vertical advective flux (Eq. 
4.3), '&( × ("#$& −	"#$% ). 
The ECCO2 vertical velocities were obtained from the Asia-Pacific Data-Research 
Center (APDRC, http://apdrc.soest.hawaii.edu/las/v6/dataset?catitem=1, last access: 18 
January 2019). The ECCO2 model configuration uses a cube-sphere grid projection with 
18-km horizontal grid spacing and 50 vertical levels among which there are 12 equal 
vertical layers from the surface to 120 m (Menemenlis et al., 2008). We selected the 
ECCO2 grid points closest to the station and extracted vertical velocities from the depths 
between ! and (! + 20 m) during 30 days prior to the sampling date at each station. Because 
the deficit of 210Po activity in the water column weighs the changes that occurred shortly 
prior to the sampling time more heavily than those that occurred further back in time 
(Verdeny et al., 2009), we chose to average the vertical velocity over 1 month rather than 
over the mean life of 210Po (200 days). The 30-day averaged vertical velocity was then used 
to calculate vertical advective 210Po export flux via Eq. (4.3) at each station.  
4.2.5 Satellite-based net primary production and phytoplankton composition 
The 8-day net primary production (NPP) data with a spatial resolution of 0.083º by 
0.083º were obtained from the Oregon State University Ocean Productivity standard 




2019), wherein NPP was estimated by the Vertically Generalized Production Model 
(VGPM) (Behrenfeld and Falkowski, 1997). Due to some missing data between November 
2013 and February 2014, NPP for each station was averaged for the previous 138 days 
(210Po half-life) instead of 200 days (210Po mean life). 
Monthly average concentrations of diatoms, coccolithophores, cyanobacteria, 
chlorophytes, and total chlorophyll with the spatial resolution of 0.67 ×  1.25º were 
obtained from the Goddard Earth Science Data and Information Services Center Interactive 
Online Visualization and Analysis Infrastructure (Giovanni) 
(https://giovanni.gsfc.nasa.gov/giovanni/, last access: 18 January 2019,  Acker and 
Leptoukh, 2007). Time-series (October 2013 – July 2014, covering > 200 days before 
sampling) data are averages over longitude for each month. We extracted data for the five 
basins individually and calculated the fraction of each phytoplankton group at each station 
as the ratio of their concentration to total chlorophyll concentration. 
4.3 Results 
4.3.1 Satellite-derived seasonal NPP and phytoplankton composition 
The VGPM modeled NPP data along the GA01 transect was averaged over ~ 138 
days prior to the sampling date (see Sect. 4.2.5, Table 4.1). Seasonal NPP at each station 
varied from low values of 44 – 79 mmol C m-2 d-1 to a maximum value of 109 mmol C m-
2 d-1 at station 21. The Western European Basin had the highest seasonal NPP, followed by 




had similar NPP values in the range of 45 – 49 mmol C m-2 d-1. There was a shift in the 
biological community towards larger phytoplankton (e.g., diatoms) from east to west along 
the transect (Fig. 4.2). The basins for which diatoms were the dominant phytoplankton 
group did not necessarily have higher seasonal production relative to the basins where 
smaller phytoplankton (e.g., coccolithophores) were more abundant. Indeed, the Iberian 
Basin had the second highest seasonal NPP, despite the fact that the majority of chlorophyll 
was produced by coccolithophores. Despite the evidence that earlier blooms may have been 
driven by diatoms (see Sect. 4.4.2), these observations highlight the possible contribution 
of small particles to production, and possibly to export (proportional to their role in 
production according to Richardson and Jackson, 2007), along the transect. Moreover, this 
could also be due to shorter blooms in the Irminger and Labrador basins where the 
phytoplankton growth was light-limited during winter compared to the condition in the 
Iberian and Western European basins. 
The satellite-derived phytoplankton species composition demonstrated unique 
features within the basins (Fig. 4.2). The Iberian Basin was dominated (> 60%) by 
coccolithophores between October 2013 and July 2014, but had a gradual increase in the 
contribution of diatoms until April 2014 and a decreasing contribution after that. In the 
Western European Basin, station 26 was dominated by diatoms all year round while station 
21 was dominated by diatoms except in October 2013 and July 2014 when the combination 
of chlorophytes and coccolithophores contributed 35 – 77 % to the total chlorophyll 
concentration. The stations in the Iceland, Irminger, and Labrador basins were all 





Figure 4. 2 Satellite -derived monthly average fraction of major phytoplankton groups 
from October 2013 to July 2014 along the GA01 transect: 4567, 48$8 , 4897 , and 48:; are the 
fractions of diatoms (purple), coccolithophores (blue), cyanobacteria (gray), and 
chlorophytes (orange), respectively. Data are from the Giovanni online data system 




4.3.2 One-month averaged vertical velocity  
The 1-month averaged vertical velocities '&( ranged from -36 × 10-6 to 9 × 10-6 m 
s-1 along the transect (negative is upwelling, positive is downwelling, Table 4.1). The 
standard deviations of '&(  were generally of the same order as the values of '&( . 
Particularly large standard deviations, which exceed the typical values of the vertical 
velocity by a full order of magnitude, were found at stations 13 (35-55 m, 110-130 m) and 
21 (110-130 m). These high standard deviations suggest that the data on '&( should be 
used with great care. Downwelling was seen at stations 38, 44, 64, and 77 with the 
velocities in the range of 1 × 10-6 to 9 × 10-6 m s-1. Upwelling was seen at the remaining 
stations, with highest intensity at station 60 near Greenland (absolute value: 11 – 36 × 10-
6 m s-1). The upwelling velocities were roughly equivalent at stations 1, 13, 21, 26, 32, and 
69 (absolute value: 1 – 5 × 10-6 m s-1). 
4.3.3 Total 210Po deficits 
The vertical profiles of total 210Po and 210Pb activity at each station have been 
described in a companion article (Tang et al., 2018). Here we show the section view of the 
water column 210Po deficit (dpm 100 L-1), which was calculated as total 210Pb activity minus 
total 210Po activity (Fig. 4.3). There were small 210Po deficits in the upper 100 m (including 
the majority of the depths of MLD, Z1%, PPZ, and ThEq at all stations) at stations 1, 13, 
and 21, whereas a relatively large excess of 210Po was observed at 100 – 400 m depth. 
Station 60 had the highest deficits of 210Po (~ 8 dpm 100 L-1, n = 5) at 40 – 120 m depth. 




was found at station 38 (-3.5 dpm 100 L-1). There were positive 210Po deficits throughout 
most of the water column at stations in the Irminger and Labrador Basins, whereas large 
210Po excesses (negative deficits) below 100 m were generally seen in the Iberian basin and 
Western European basins. Such 210Po excess was likely related to the Iberian upwelling, 
which may have provided a source of 210Po activity.  
 
Figure 4. 3 The Section plots of water column 210Po deficits (dpm 100 L-1, total 210Po 
activity minus total 210Po activity) across the GA01 transect. Panel (a) is the upper 500 m. 





4.3.4 The 210Po flux calculated from the deficit of 210Po alone 
Using the data of total 210Po and 210Pb activities, the amount of 210Po escaping from 
the surface ocean via sinking particles (210Po fluxes, dpm m-2 d-1) were calculated using Eq. 
(4.2) assuming steady state and ignoring advection and diffusion (Table 4.2, 210Po/210Pb 
term). The 210Po fluxes were negligible or very low at stations 1, 21, and 38. At the other 
stations the 210Po fluxes averaged 3.7 ± 1.4, 4.6 ± 2.6, 9.5 ± 4.9, and 14.4 ± 12 dpm m-2 d-
1 at the MLD, Z1%, PPZ, and ThEq, respectively. The 210Po fluxes tended to increase with 
depth at 7 out of 11 stations (26, 38, 44, 60, 64, 69, and 77). At the MLD, Z1% and PPZ, the 
largest 210Po fluxes were all found in the Labrador Basin. The other four basins had 
relatively similar 210Po export fluxes (2.1 – 2.8 dpm m-2 d-1) at the MLD and Z1%. The West 
European Basin had much higher 210Po flux (8.7 dpm m-2 d-1) relative to that in the Iberian 
Basin (-0.1 dpm m-2 d-1) at the PPZ. At the ThEq, on the other hand, the Irminger Sea had 
the highest 210Po fluxes followed by the West European Basin. The lowest 210Po fluxes at 




Table 4. 2 The total 210Po flux as the sum of the flux calculated from the deficit and vertical advection, together with POC/210Po ratios 
in particles > 1 µm (derived from the power law function in Fig. 4.5) and POC fluxes derived from 210Po at the corresponding depths. 
The uncertainties of 210Po export flux are associated with the activity uncertainty of the radionuclides. The error for the calculated 
particulate POC/210Po ratio in each basin is the standard error of regression. The uncertainties of the 210Po-derived POC flux were 
estimated based on the propagation of error. 
St. Integration Depth (m) 210Po flux (dpm m-2 d-1): 210Po/210Pb term 210Po flux (dpm m-2 d-1): vertical advection term 
MLD Z1% PPZ ThEq MLD ± Z1% ± PPZ ± ThEq ± MLD ± Z1% ± PPZ ± ThEq ± 
1 15 40 136a 90a 1.1 0.3 1.5 0.8 -4.5 2.2 -0.9 1.6 2.4 19.7 3.6 14.7 6.8 4.8 4.6 16.2 
13 35a 40 90a 110a 3.4 0.9 4.1 0.9 4.3 1.8 3.7 2.0 -0.2 5.2 -0.2 5.6 3.7 10.0 1.0 10.6 
21 15 32a 64a 110a -0.6 0.5 -0.7 0.8 2.2 1.2 3.5 1.8 -1.1 4.0 -0.4 1.7 2.7 9.9 0.01 0.40 
26 30 30 98a 100 4.8 1.5 4.8 1.5 15.2 3.1 26.4 4.8 -0.9 3.2 -0.9 3.2 4.0 4.0 2.8 4.0 
32 30 31a 70a 120a 4.7 0.9 4.8 0.9 9.1 1.4 8.5 2.2 -1.6 12.2 -1.6 12.0 7.9 33.4 3.0 23.3 
38 30 30 69a 80 -0.5 1.3 -0.5 1.3 3.7 2.5 5.2 2.6 0.4 1.8 0.4 1.8 -1.0 3.5 -0.9 4.9 
44 26a 22a 44a 40 1.5 1.0 1.0 1.0 4.2 1.4 3.6 1.4 0.9 2.1 1.1 2.5 0.9 2.2 1.5 2.8 
60 17a 20 36a 100 3.1 1.1 3.8 1.1 9.8 1.6 37 5.4 -24.9 49.6 -40.4 74.9 -36.2 69.0 14.1 87.1 
64 20a 47a 80 80 5.8 0.8 9.8 2.1 17.8 3.2 18 3.2 -0.7 2.9 -4.3 8.8 -0.5 3.7 -0.5 3.7 
69 20a 28a 44a 40 4.0 0.7 6.1 0.8 8.5 1.6 8.3 1.5 1.9 3.3 3.4 5.8 5.8 7.9 6.7 8.9 
77 15a 20 59a 80 2.2 0.6 2.9 0.7 7.0 2.4 9.8 2.9 -0.6 5.2 0.3 6.4 3.0 9.9 -15 29 







Table 4.2 (continued) 
 
St. 210Po flux (dpm m-2 d-1): total flux POC/210Po (!mol dpm-1) 
MLD ± Z1% ± PPZ ± ThEq ± MLD ± Z1% ± PPZ ± ThEq ± 
1 3.5 19.7 5.1 14.7 2.3 5.3 3.6 16.2 540 67 305 67 150 67 190 67 
13 3.2 5.3 3.9 5.7 7.9 10.1 4.7 10.8 330 67 305 67 190 67 169 67 
21 -1.7 4.1 -1.1 1.8 4.9 10.0 3.5 1.9 542 89 389 89 287 89 227 89 
26 3.9 3.5 3.9 3.5 17.7 5.1 29.2 6.2 400 89 400 89 238 89 236 89 
32 3.0 12.2 3.2 12.1 17.0 33.4 11.6 23.4 367 111 363 111 265 111 216 111 
38 -0.2 2.3 -0.2 2.3 2.7 4.3 4.2 5.6 367 111 367 111 267 111 252 111 
44 2.5 2.3 2.1 2.7 5.1 2.6 5.1 3.1 310 107 330 107 254 107 263 107 
60 -21.8 49.6 -36.6 74.5 -26.4 69.0 51.2 87.2 364 107 342 107 274 107 187 107 
64 5.1 3.0 5.5 9.0 17.4 4.9 17.4 4.9 675 152 375 152 261 152 261 152 
69 5.9 3.4 9.4 5.8 14.4 8.0 15.0 9.0 675 152 536 152 393 152 419 152 






Table 4.2 (continued) 
 
St. 210Po-POC flux (mmol C m-2 d-1):  210Po/210Pb term 210Po-POC flux (mmol C m-2 d-1): total flux 
MLD ± Z1% ± PPZ ± ThEq ± MLD ± Z1% ± PPZ ± ThEq ± 
1 0.6 0.2 0.4 0.3 -0.7 0.4 -0.2 0.3 1.9 10.7 1.5 4.5 0.3 0.8 0.7 3.1 
13 1.1 0.4 1.3 0.4 0.8 0.4 0.6 0.4 1.0 1.8 1.2 1.7 1.5 2.0 0.8 1.9 
21 -0.3 0.3 -0.3 0.3 0.6 0.4 0.8 0.5 -0.9 2.2 -0.4 0.7 1.4 2.9 0.8 0.5 
26 1.9 0.7 1.9 0.7 3.6 1.5 6.2 2.6 1.5 1.4 1.5 1.4 4.6 2.0 6.9 3.0 
32 1.7 0.6 1.7 0.6 2.4 1.1 1.8 1.1 1.1 4.5 1.1 4.4 4.5 9.1 2.5 5.2 
38 -0.2 0.5 -0.2 0.5 1.0 0.8 1.3 0.9 -0.1 0.8 -0.1 0.8 0.7 1.2 1.1 1.5 
44 0.5 0.4 0.3 0.4 1.1 0.6 1.0 0.5 0.8 0.8 0.7 0.9 1.3 0.9 1.4 1.0 
60 1.1 0.5 1.3 0.5 2.7 1.1 6.9 4.1 -7.9 20 -12.5 25.9 -7.2 19.1 9.6 17.2 
64 3.9 1.0 3.7 1.7 4.7 2.8 4.7 2.8 3.5 2.1 2.1 3.5 4.5 2.9 4.5 2.9 
69 2.7 0.8 3.3 1.0 3.4 1.4 3.5 1.4 4.0 2.5 5.1 3.4 5.7 3.8 6.3 4.4 






4.3.5 POC/210Po ratios in particles 
Most of the ratios of POC concentration to 210Po activity (µmol dpm-1) in the large-
size fraction (POC/210Po_LSF, > 53 µm) were comparable to or higher than those in the 
small-size fraction (POC/210Po_SSF, 1 – 53 µm), whereas a few samples had values of 
POC/210Po_LSF lower than those of POC/210Po_SSF at stations 13, 26, 44, 64, and 77 
(Table 4.3, Fig. 4.4A). The POC/210Po ratio in the total particles (> 1 µm, the combination 
of small and large particles, POC/210Po_TPF) was similar to that in the small particles 
(SSF), within about 97% (Table 4.3, Fig. 4.4B). This is because over 80% of the particulate 
210Po activity was associated with the small-size fraction (Tang et al., 2018) likely due to 
the large surface area of abundant small particles. Because of the possible link between 
small particles and export along the transect discussed in Sect. 4.3.1, and the results that 
scavenging of 210Po was governed by the small particles (Tang et al., 2018), we propose to 
use this total particulate fraction along with the large-size fraction to calculate POC export 
along this cruise track.  
The POC/210Po in total particles (POC/210Po_TPF) varied from 19 to 1300 µmol 
dpm-1 with a mean of 290 ± 320 µmol dpm-1 (n = 51, upper 800 m). The variability of 
POC/210Po_TPF ratios in this study is in line with previous observations in the Antarctic 
Circumpolar Current (300 - 1200 µmol dpm-1 for particles > 1 µm) (Friedrich and Rutgers 
van der Loeff, 2002) and the central Arctic (90 - 1900 µmol dpm-1 for particles > 53 µm)  
(Roca-Martí et al., 2016). The average ratio of 290 µmol dpm-1 is comparable to those 
observed in the central equatorial Pacific (202 ±  90 µmol dpm-1 for particles > 0.45 µm) 




(Rigaud et al., 2015), and the South Atlantic (113 ±  80 µmol dpm-1 for particles > 0.7 µm) 
(Sarin et al., 1999). 
The measured POC/210Po ratios in total particles at each station and depth were 
grouped into the five basins and fitted against depth using a single power law function in 
each basin (Fig. 4.5). The fit equations were used to calculate total particulate POC/210Po 
ratios at the investigated depths at each station (Table 4.3). 
Table 4. 3 The ratio of POC concentration to 210Po activity (POC/210Po) in the in-situ 
pumped particles collected by in situ pumps. SSF is small-size fraction (1-53 µm); LSF is 
large-size fraction (> 53 µm); TPF is total size particulate fraction (> 1 µm). 
Station Depth (m) POC/210Po (µmol dpm-1) 
SSF ± LSF ± TPF ± 
1 30 276 32 414 58 296 30 
1 80 166 28 1040 159 355 44 
1 550 41 4 31 4 39 4 
1 800 18 17 19 4 19 10 
1 120 108 14 222 42 117 13 
1 250 65 7 63 9 65 6 
13 60 289 29 216 26 281 25 
13 100 206 20 132 14 198 17 
13 200 79 7 50 8 76 7 
13 450 73 7 35 7 69 6 
21 80 622 51 13405 2599 1280 96 
21 120 133 18 2398 407 380 44 
21 250 85 9 482 133 109 10 
21 450 54 6 117 14 60 6 
26 30 377 70 310 34 350 42 
26 83 271 41 289 37 280 28 
26 153 275 94 118 14 209 43 
26 403 67 21 43 19 62 17 




Station Depth (m) POC/210Po (µmol dpm-1) 
SSF ± LSF ± TPF ± 
32 60 379 43 337 87 376 40 
32 100 311 39 376 56 326 33 
32 200 145 17 133 30 144 15 
32 450 41 5 55 9 42 4 
32 800 25 4 55 7 29 4 
38 20 254 38 345 108 258 37 
38 60 339 51 284 66 333 46 
38 109 157 15 196 23 163 13 
44 20 1025 115 3085 798 1176 124 
44 40 463 58 1379 1787 475 59 
44 80 140 14 90 23 137 13 
44 150 102 18 97 56 102 17 
44 300 47 7 25 7 45 6 
60 8 306 30 1003 150 422 36 
60 60 232 33 851 193 272 36 
60 100 197 33 303 72 209 31 
60 250 61 7 294 84 72 8 
64 30 525 77 656 83 580 58 
64 60 455 75 286 77 434 64 
64 100 439 49 319 44 420 41 
64 150 107 36 158 28 129 24 
64 400 40 5 48 8 41 4 
69 20 347 44 879 164 397 46 
69 60 78 6 657 216 84 7 
69 100 257 26 359 44 268 24 
69 150 125 14 127 25 125 13 
69 410 30 3 71 8 34 3 
77 10 1281 309 917 150 1181 213 
77 50 1372 357 1020 412 1339 320 
77 80 512 63 544 103 516 57 
77 200 84 13 217 79 92 13 






Figure 4. 4 Plots of the ratios of POC concentration to 210Po activity in (A) the large (> 53 
µm) particles (POC/210Po_LSF) against the small (1-53 µm) particles (POC/210Po_SSF), 
and in (B) the total (> 1 µm) particles (POC/210Po_TPF) against the small particles. The 





Figure 4. 5 The ratios of POC concentration to 210Po activity in the total particles vs. 
depth in each basin along the GA01 transect. Power law regression (red line) was fitted 
for POC/ 210Po against depth in each plot: the Iberian Basin (stations 1, 13), West 
European Basin (stations 21, 26), Iceland Basin (stations 32, 38), Irminger Basin (stations 
44, 60), and Labrador Basin (stations 64, 69, 77). The data points denoted as filled black 
circles were outliers (points at a distance greater than 1.5 standard deviations from the 





4.4.1 Physical advection effects on 210Po export fluxes 
In the study region, there were consistent patterns of circulation traveling through 
and near our sampling sites during the GEOVIDE cruise. From east to west the cruise track 
crossed the North Atlantic Current, the East Reykjanes Ridge Current, the Irminger Current, 
the Irminger Gyre, the eastern and western Boundary Currents and the Labrador Current 
(Fig. 1 in García-Ibáñez et al., 2018). Additionally, short-lived eddies and fronts were also 
observed during the cruise, particularly in the OVIDE section from Portugal to Greenland 
(Zunino et al., 2017; García-Ibáñez et al., 2018). In this dynamic region advective 
influences may be important to include in calculations of 210Po export. Despite this 
knowledge, we could not include horizontal advection in our model because the horizontal 
resolution of our sample sites was not sufficient to constrain reliable horizontal gradients 
of 210Po activity in the study region. This assumption of negligible horizontal physical 
transport has been made in most 210Po studies because of a similar lack of spatial resolution 
(e.g. Kim and Church, 2001; Stewart et al., 2010; Rigaud et al., 2015), and may be justified 
in some open-ocean settings where horizontal gradients in 210Po activity are small (e.g. Wei 
et al., 2011). For more dynamic regimes, such as along the GA01 transect, however, this 
assumption needs to be carefully evaluated, and the relative importance of advective 210Po 
flux should be assessed if possible.  
We did, however, have enough sampling depths at each station to assess the vertical 




flux. The range of 210Po activity flux due to vertical advection (-40 to 14 dpm m-2 d-1, Table 
4.2) was of the same magnitude as the steady-state fluxes calculated from the deficit alone 
(-5 to 37 dpm m-2 d-1, Table 4.2). The magnitude of the uncertainty of the 210Po export flux 
due to vertical advection was influenced by the large variance in vertical velocity field 
mentioned in Sect. 4.3.2. When excluding the three depths at stations 13 and 21, where the 
monthly vertical velocity average had substantial standard deviations (an order of 
magnitude greater than !"#), the uncertainty of the 210Po export flux was on average 2-fold 
larger than the calculated 210Po export flux. The largest positive vertical advective 210Po 
fluxes were at station 1, where the Iberian upwelling increased the calculated flux by 150 
- 500%. The largest negative vertical advective 210Po fluxes were seen at station 60 where 
upwelling decreased the 210Po flux by 370 – 1100% at the depths of the MLD, Z1%, and 
PPZ. This is because the upwelling velocity was high at those depths (14 – 36 × 10-6 m s-
1, Table 4.1) and the upwelled water was depleted in 210Po activity. The vertical advective 
transport was smaller at the MLD and Z1% at station 13, at the ThEq at station 21, and at 
the PPZ and ThEq at station 64, with the contributions lower than 6% to total 210Po fluxes. 
Including vertical advection in our flux estimates at all other depths, however, increased or 
decreased the 210Po fluxes by 10 – 180%. Like with vertical advection, neglecting 
horizontal advection can result in either an underestimate or overestimate of 210Po export 
flux depending on whether the advected water is enriched or depleted in 210Po. However, 
because our study region was characterized by distinct water masses separated over tens to 
hundreds of meters in the vertical plane, whereas those same water masses covered huge 
distances (hundreds to thousands of kilometers) in the horizontal plane (Fig. 4 in García-




chemical parameters over the scale of our depth sampling than horizontal advection would 
across long distances in the horizontal plane. Because the advective 210Po export flux was 
calculated as the product of the velocity of the water mass and the gradient of 210Po activity 
in the corresponding direction, horizontal advection would most likely contribute some 
much smaller range of advective 210Po flux estimates.   
Overall, the influence of physical advection on 210Po activity may range from 
relatively unimportant to dominant depending on the study area. In this study, we should 
keep in mind that physical processes might change the 210Po fluxes, in particular at stations 
1 and 60. For the future study of 210Po and 210Pb activity in regions of established upwelling 
or ocean margins, we suggest designing the sampling plan so that the magnitude and 
variability of these processes may be incorporated into 210Po export models. At ocean 
margins, in particular, more water samples should be taken to improve the resolution of 
horizontal features. 
4.4.2 Non-steady-state-effects on 210Po export fluxes 
To our knowledge, three time-series studies of 210Po and 210Pb activities have been 
conducted to date and have assessed the NSS effects on 210Po fluxes. First, in the upper 500 
m of the Sargasso Sea, Kim and Church (2001) found that the SS model may have 
overestimated and underestimated the 210Po export fluxes in May and July 1997, 
respectively. Second, at the DYFAMED site of the northwestern Mediterranean Sea, the 
%&' %(⁄  term accounted for ~ 50% of 210Po flux estimated by using the SS model (Stewart 




from the SS and NSS models had similar values within the uncertainties (Wei et al., 2014). 
In fact, the SS model generally results in an underestimation of the 210Po flux under 
conditions of decreasing 210Po activity in the water column (i.e., when blooms switch from 
the productive phase to the export phase), whereas the SS model overestimates the flux for 
conditions of increasing 210Po activity (i.e., high atmospheric deposition).  
Atmospheric aerosol deposition along the GA01 transect was reportedly low 
without the significant influence of the Saharan plume (Shelley et al., 2017). The influence 
of atmospheric deposition on the SS estimates obtained in this study, therefore, can be 
ignored. However, it is important to assess the %&' %(⁄  term that was associated with the 
site-specific bloom events during the cruise. Satellite estimates of net primary production 
(VGPM model) for the eight 8-day periods prior to the sampling date (~ 2 months) were 
calculated at each station (Fig. 4.6). Two months of NPP data are needed because such a 
timescale could ensure the sensitivity for NSS estimates (Friedrich and Rutgers van der 
Loeff, 2002; Stewart et al., 2007a). NPP values for the 2-month period were in the ranges 
of 51 – 184, 39 – 403, 22 – 131, 18 – 204, 16 – 210 mmol C m-2 d-1 in the Iberian Basin, 
the West European Basin, the Iceland Basin, the Irminger Basin, and the Labrador Basin, 
respectively, indicating the occurrence of blooms during this time period along the transect 
that might have influenced the 210Po fluxes derived from Eq. (4.1).  
SS may have underestimated the 210Po export along the GA01 transect and it would 
largely depend on the stage of the bloom before sampling. For example, at station 21 the 
largest NPP peak (403 mmol C m-2 d-1) occurred 2 weeks before our sampling date and 




phytoplankton export and a sudden decrease in NPP may have significantly lowered the 
210Po activity in the upper waters, resulting in a negative %&' %(⁄ , and thus the SS model 
may have underestimated the true 210Po flux. Temporal variations were also seen in the 
time-series phytoplankton community composition, in particular at stations 1 and 13 (Fig. 
4.2). Both stations were dominated (> 60%) by coccolithophores between October 2013 
and July 2014, but appeared to have a diatom bloom in April 2014 before sampling. 
Polonium-210 and 210Pb tend to bind to specific biopolymeric functional groups, leading 
to fractionation during their sorption onto particles (Quigley et al., 2002; Chuang et al., 
2013; Yang et al., 2013). The temporal variation of phytoplankton composition could 
therefore also lead to non-steady-state effects on the overall 210Po activity balance, which 
are difficult to assess but deserve more attention.  
The NSS effect on the 234Th fluxes at the ThEq were evaluated during the same 
cruise along the GA01 transect in Lemaitre et al. (2018) by using the NSS model developed 
in Savoye et al. (2006). Because the cruise plan did not allow an opportunity to reoccupy 
the study areas over time, the authors made the assumption that 234Th activity was in 
equilibrium with 238U activity at the starting date of the bloom. Their results suggested that 
the NSS 234Th fluxes were about 1.1 to 1.3 times higher than the SS estimates in the Iberian 
and West European basins, and 1.4 to 2.1 times higher in the Iceland, Irminger, and the 
Labrador basins. We did not attempt to apply the same technique to estimate NSS 210Po 
fluxes in this study because the assumption of equilibrium between 210Po activity and 210Pb 
activity at the starting date of the bloom may be inappropriate since the 210Po deficit 





Figure 4. 6 Time-series (January 1- July 12, 2014) satellite estimates of net primary 
production (NPP) between January 1 and July 12 in 2014 at each station along the GA01 
transect (VPGM algorithm, http://www.science.oregonstate.edu/ocean.productivity/, last 
access: 18 January 2019). The shaded rectangle in each plot denotes NPP for about 2 
months prior to the sampling date. Two months of NPP data are needed because this 
timescale could ensure the sensitivity for NSS estimates (Friedrich and Rutgers van der 
Loeff, 2002; Stewart et al., 2007). The vertical red line in each plot indicates the 
sampling date at each station. 
4.4.3 POC flux calculated from 210Po flux 
The POC export fluxes were calculated by multiplying both the 210Po export fluxes 




the fluxes calculated from the 210Po deficit and vertical advection) by the total particulate 
(> 1 µm) POC/210Po ratios at the corresponding depths (Table 4.2, Fig. 4.7). The POC 
fluxes calculated from only the deficit term and the total term ranged from negligible to 7 
mmol C m-2 d-1 and from negative to 10 mmol C m-2 d-1, respectively. This is in good 
agreement with the SS fluxes derived via the 210Po/210Pb method ignoring advection in 
other regions of the world ocean (negligible to 8.5 mmol C m-2 d-1) (e.g. Shimmield et al., 
1995; Sarin et al., 1999; Kim and Church, 2001; Stewart et al., 2007a; Verdeny et al., 2008; 
Roca-Martí et al., 2016; Subha Anand et al., 2017). 
The highest-estimated POC fluxes (Table 4.2) along the transect were observed at 
most of the investigated depths in the Labrador Sea and at the Greenland Shelf, whereas 
the lowest export was in the Iberian and West European basins. An exception to this pattern 
was found at station 26, where POC flux was actually similar in magnitude to the flux at 
stations 64 and 69. Station 26 was located in the middle of the Subarctic Front (SAF), a 
cold and fresh anomaly originating from subpolar water (Zunino et al., 2017). The 
hydrographic properties associated with the SAF appear to promote high primary 
production (174 ± 19 mmol C m-2 d-1, Table 4.1) and subsequently high carbon export 
(Kemp et al., 2006; Rivière and Pondaven, 2006; Guidi et al., 2007; Waite et al., 2016). 
While stations on the Greenland Shelf (stations 60 and 64) had the greatest estimated 
carbon export at the depth of ThEq (5 – 10 mmol C m-2 d-1), station 60 at the depth of Z1% 
had the lowest POC flux (-12.5 to -8.4 mmol C m-2 d-1).   
The negligible deficit of 210Po at the MLD and Z1% seen at stations 21, 38 and 44 




4.7). The relatively low POC export (negligible – 1.7 mmol C m-2 d-1) at stations 1 and 13, 
on the other hand, resulted from low particulate POC/210Po ratios (Table 4.2). In fact, the 
Iberian Basin had the lowest measurements of particulate POC/210Po ratios in both the 
small- and large-size fractions relative to the other four basins along the transect (Fig. 4.4). 
This basin was also the only region along the transect where the phytoplankton community 
was not dominated by diatoms but by smaller phytoplankton, in particular coccolithophores. 
Smaller phytoplankton cells could scavenge more 210Po (higher particulate 210Po activity 
relative to the large particles) due to larger surface area per unit of volume, lowering their 





Figure 4. 7 POC fluxes derived from 210Po for the mixed-layer depth (MLD), the base of 
the euphotic zone (Z1%), the base of the primary production zone (PPZ), and the 234Th-
238U equilibrium depth (ThEq). (A) POC fluxes derived from the 210Po fluxes that were 
calculated from the deficit alone; (B) POC fluxes derived from the sum of the 210Po 
fluxes that were calculated from the 210Po deficit and vertical advective flux. Note that 
the > 1 µm particles were used to calculate the POC/210Po ratios. The stations were 




4.4.4 POC export efficiency 
The POC export flux calculated from the total 210Po flux at the depth of the PPZ 
was compared to the satellite-derived NPP over ~ 138 days (see Sect. 4.2.5) at each station, 
and the ratio was reported as the POC export efficiency.  
The export efficiencies in this study were below 10% at 10 out of 11 stations, 
averaging 6 ± 4% (n = 10, excluding the negative value at station 60, Fig. 4.8). Export 
efficiencies < 10% observed here were similar to those found in the equatorial Pacific, the 
Arabian Sea, and at the BATS site (Buesseler, 1998; Subha Anand et al., 2017), but lower 
than those reported at high-latitude sites (> 25%) such as the Arctic (Gustafsson and 
Andersson, 2012; Moran et al., 1997; Roca-Martí et al., 2016), the Bellingshausen Sea 
(Shimmield et al., 1995), and the Antarctic Polar Front (Rutgers van der Loeff et al., 1997).  
Export efficiencies ranged from 0.5 to 2.5% in the Iberian Basin, while the values 
in the Irminger Basin (3 ± 3%, excluding station 60) were similar to the export efficiencies 
in the Western European Basin (5 ± 5%) and in the Iceland Basin (6 ± 6%). The export 
efficiencies, in contrast, were larger in the Labrador Basin (10 ± 3%). The lowest export 
efficiencies observed in the Iberian Basin were consistent with the dominance of smaller 
phytoplankton species there (coccolithophores and cyanobacteria; Fig. 4.2). Indeed, small 
cells are usually slow-sinking particles that are likely more prone to degradation (Villa-
Alfageme et al., 2016), leading to lower export efficiencies. Conversely, the higher export 
efficiencies at other stations, all generally dominated by diatoms (Fig. 4.2), support the 




(Buesseler, 1998). Differences in export efficiencies between the basins dominated by 
diatoms suggest that other factors may also play some role (e.g., temporal decoupling 
between production and export).  
The POC export efficiency could also vary widely within the same basin. Taking 
the two stations in the Western European Basin for instance, export efficiency at station 26 
was ~ 5-fold greater than that estimated at station 21, likely consistent with a lower 
contribution of diatoms and a higher contribution of smaller phytoplankton at station 21 
relative to those at station 26 (Fig. 4.2). But overall the time-series composition of the 
phytoplankton community at the two stations was similar (Fig. 4.2). The site-specific 
environment may have impacted the export of the same cell type to different degrees 
(Durkin et al., 2016). Station 26 was in the middle of the SAF, and the mesoscale physical 
processes (i.e., turbulence and mixing) at the front can introduce nutrients into the local 
euphotic zone (Lévy et al., 2012). Large phytoplankton species generally dominate in these 
nutrients-rich waters and can promote massive episodic particle export (e.g. Kemp et al., 





Figure 4. 8 Plot of POC export flux derived from the 210Po method (210Po-POC) versus 
satellite estimates of net primary production (NPP). The NPP values were averaged for 
the previous 138 days (210Po half-life) prior to the sampling date. The sum of the 210Po 
fluxes calculated from the 210Po deficit and vertical advective flux, and the POC/210Po 
ratios in the > 1 µm particles were used to derive POC fluxes. The 210Po-POC fluxes were 
integrated within the primary production zone (PPZ). Lines of export efficiency (EF) of 
10%, 5%, and 1% are drawn in the plot. The numbers in the plot are station numbers. The 
colored dots of the stations correspond to the basins.   
4.4.5 Comparison of 210Po and 234Th derived POC fluxes 
The measurements of 234Th/238U disequilibrium to estimate POC export flux were 
simultaneously carried out during the GEOVIDE cruise (Lemaitre et al., 2018). The authors 




neglected. In present study, the estimates of 234Th-derived POC (234Th-POC) flux were 
compared to 210Po-derived POC (210Po-POC) flux. To avoid discrepancies, both the 234Th-
POC and 210Po-POC flux estimates were calculated at the depth of ThEq using the 
POC/radionuclide ratio in total particles > 1 µm (TPF) and large particles > 53 µm (LSF), 
and both methods ignored physical transport and assumed steady state, where any deviation 
from secular equilibrium was created by sinking particles with an adsorbed and/or absorbed 
excess of the short-lived daughter isotope. 
4.4.5.1 210Po flux vs. 234Th flux 
The integrated 210Po and 234Th fluxes at the depth of ThEq were compared (Fig. 
4.9). There was a spatial trend of 234Th flux, but not 210Po flux along the transect; 234Th 
fluxes at stations 1 to 38 (eastern section, 1580 ± 430 dpm m-2 d-1) were significantly greater 
(Wilcoxon rank sum test, p value < 0.002) than the fluxes at stations 44 to 77 (western 
section, 710 ± 230 dpm m-2 d-1). The means of the 210Po fluxes in the western and eastern 
sections were not statistically different from each other (Wilcoxon rank sum test, p value 
= 0.3). However, the flux of 210Po and 234Th correlated with each other better in the western 
(n = 5, R2 = 0.6) than in the eastern (n = 6, R2 = 0.01) sections.  
These relationships may be related to both the stage of the bloom and different half-
lives of the two isotopes. Indeed, 234Th fluxes integrate the conditions that occurred days 





Within the Iberian Basin, stations 1 and 13 were sampled weeks to months after the 
bloom development (Fig. 4.6). The moderate to relatively high 234Th fluxes are thus 
surprising. Lemaitre et al., (2018) argue that the greater fluxes there might be related to the 
proximity of the Iberian margin, where particle dynamics were intense and lithogenic 
particles were numerous (Gourain et al., 2018). A temporal decoupling between production 
and export could be an alternative possibility. The Western European and Icelandic basins 
were sampled during the bloom development and the NPP peaks occurring just before 
sampling my have promoted the high fluxes. In fact, these basins have been characterized 
by the presence of fast-sinking particles during the bloom (Villa-Alfageme et al., 2016), 
likely also explaining the high exports. In contrast, the lower exprots observed in the 
western section may be related to the fact that the sampling occurred during the decline of 
the bloom probably with a decoupling between production and export in the Labrador 
Basin or during particle retention event in the Irminger Basin.  
Unlike the observation of higher 234Th export flux in the eastern than western 
sections, there was no significant difference in 210Po export flux between the two sections. 
This observation supports the argument that the 210Po deficit tends to smooth out episodic 
events due to integration over longer time periods. The 210Po deficit records seasonal 
changes in export fluxes, whereas the 234Th deficit represents more recent changes in the 
water column (Verdeny et al., 2009; Hayes et al., 2018). Indeed, the 210Po deficit integrates 
the flux over months that include a period of lower flux prior to the bloom along the GA01 
transect, whereas the 234Th deficit integrates the flux only over weeks that include the 




shortly prior to the sampling date appears to have a smaller influence on the 210Po-derived 
than the 234Th-derived export flux along this transect.  
 
Figure 4. 9 Sinking fluxes of 210Po (blue circles) and 234Th (red squares) integrated to the 
depth at which 234Th activity returned to equilibrium with 238U activity (ThEq), assuming 
steady state and negligible physical transport along the GA01 transect. Note that the 
stations are plotted from west to east, and the transect was separated into the western 
(stations 44 - 77) and eastern (stations 1 - 38) sections. 
4.4.5.2 POC/210Po vs. POC/234Th ratio 
In order to calculate POC export flux, one needs both the export of the daughter 
nuclide at a defined depth as well as the particulate POC/radionuclide ratio on the sinking 
particles. In situ pump filtered particles, either operationally defined as small (1-53 µm, 




combination of sinking and non-sinking particles. In the present study, the particulate 
POC/radionuclide ratio on the TPF and LSF were examined and used to calculate POC 
export flux. The POC/210Po and POC/234Th ratios in the particles of TPF and LSF at the 
depths of ThEq were derived from the power law functions in each basin (TPF POC/210Po 
in Table 4.2, LSF POC/234Th in Lemaitre et al. (2018), LSF POC/210Po and TPF POC/234Th 
not shown). The TPF POC/210Po and TPF POC/234Th ratios had very similar spatial trends 
(n = 11, R2 = 0.8, p value < 0.0001) along the transect, with the lowest POC/radionuclide 
ratios in the Iberian and Western European basins and the highest ratios in the Labrador 
Sea. In comparison, the LSF POC/210Po ratios were not correlated with LSF POC/234Th 
ratios (n = 11, R2 = 0.3, p value =0.07). The correlation of values within the TPF but not 
the LSF suggests that the composition of large particles was different from that of the total 
particles, and that the difference in particle association between POC and 210Po and 234Th 
was greater in large particles than in total particles.  
4.4.5.3 210Po-derived POC vs. 234Th-derived POC  
When the radionuclide fluxes were multiplied by the POC/radionuclide values, the 
range of the calculated POC fluxes were negligible to 7 mmol C m-2 d-1 and negligible to 
12 mmol C m-2 d-1 via the 210Po method using the TPF and LSF POC/210Po ratios, 
respectively, and from 2.5 to 13 mmol C m-2 d-1 and from 1 to 12 mmol C m-2 d-1 via the 
234Th method using the TPF and LSF POC/234Th ratios (Fig. 4.10). The 234Th-POC and 
210Po-POC fluxes agreed within a factor of 3 along the transect, with higher POC estimates 




studies that have typically found higher-estimated POC flux via the 234Th method (e.g. 
Shimmield et al., 1995; Stewart et al., 2007a; Verdeny et al., 2009). 
When using the total particle POC/radionuclide ratios, only stations 26 and 60 were 
characterized by slightly higher 210Po-derived POC flux estimates than 234Th-derived 
estimates (0.2 and 1.5-fold, respectively). In contrast, at station 1 the difference between 
the methods was greatest, with the 210Po-derived POC flux negligible and the 234Th-POC 
flux of about 7 mmol C m-2 d-1. At stations 13, 21, and 44, the 234Th-POC fluxes were 
greater than 210Po-POC estimates by almost 1-fold, whereas in the Iceland and Labrador 
basins, the 234Th-POC fluxes were larger than 210Po-POC estimates by 3- and 2-fold, 
respectively. When using the large particle POC/radionuclide ratios, only in the Irminger 
Basin was there higher 210Po-derived POC flux than 234Th-derived POC flux (> 0.2 to 3-
fold). In the Iberian Basin, the greatest difference between the methods was found at station 
1, where 210Po-derived POC flux was negligible, while 234Th-derived POC flux was the 
highest along the transect but with a large uncertainty (12 ± 22 mmol C m-2 d-1), and at 
station 13 the 234Th-POC flux was greater than the 210Po-POC estimate by 4-fold. In the 
Western European, Iceland, and Labrador basins, the 234Th-POC fluxes were larger than 
210Po-POC estimates by 5, 4, and 2-fold. 
Wilcoxon rank sum tests revealed that the 234Th-POC estimates were significantly 
greater than 210Po-derived POC export at the stations from the Iberian Basin to the Iceland 
Basin (n = 6, TPF: p value < 0.01, LSF: p value < 0.02), but not at the stations from the 
Irminger Basin to the Labrador Basin (n = 5, TPF: p value > 0.1, LSF: p value = 1). Since 




the transect, the discrepancy between TPF 234Th-POC and TPF 210Po-POC flux estimates 
must be driven primarily by the discrepancy between the SS estimates of 234Th and 210Po 
fluxes, discussed in Sect. 4.5.1. In contrast, the discrepancy between the POC to isotope 
ratios in the large particle may have led to some degree of discrepancy between the LSF 
234Th-POC and LSF 210Po-POC flux estimates. 
 
Figure 4. 10 Plot of the POC flux derived from 210Po (210Po-POC) versus the POC flux 
derived from 234Th (234Th-POC) at 11 stations along the GA01 transect. Both the fluxes 
of 210Po and 234Th were calculated from the deficit term alone, assuming steady state and 
negligible physical transport. The POC/radionuclide ratios on (A) total particulate 
fraction (TPF, particles > 1 µm) and (B) large-size fraction (LSF, > 53 µm) were used to 
calculate the POC flux. The fluxes were integrated down to the depth at which the 234Th 
activity returned to equilibrium with 238U activity (ThEq). The numbers in the plot are 





This study used the water column 210Po and 210Pb activity data to constrain the 210Po 
particulate flux from the mixed-layer depth, the base of the euphotic zone and primary 
production zone, and the 234Th-238U equilibrium depth. The ratio of POC concentration to 
210Po activity on the total particulate (> 1 µm) fraction was used to estimate POC export 
fluxes. We have been able to include vertical advection into a steady-state model to 
calculate the 210Po flux along the transect. The scale of 210Po fluxes due to vertical 
advection was of the same magnitude as the steady-state fluxes calculated from the 210Po 
deficit alone. The 210Po-derived POC export fluxes varied spatially, ranging from 
negligible to 10 mmol C m-2 d-1 along the transect, with the highest export fluxes in the 
Labrador Sea. POC export efficiencies (flux relative to production) also showed regional 
differences, ranging from negligible to 13% along the transect. Higher export efficiencies 
were seen in the basins where diatoms dominated the phytoplankton community. The low-
export efficiencies recorded in the Iberian Basin, on the other hand, may be associated with 
the dominance of smaller phytoplankton, such as coccolithophores. POC export fluxes 
estimated from the water column 210Po/210Pb and 234Th/238U disequilibria agreed within a 
factor of 3 across our study region, with higher POC estimates generally derived from the 
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Tang, Y. and Stewart, G. The 210Po/210Pb method to calculate particle export: 






The deviation from secular equilibrium between the natural radionuclide 210Po 
(half-life: 138.4 d) and its radioactive grandparent 210Pb (half-life: 22.3 y) has been used 
to examine particle export from the surface ocean. Here we combine 210Po and 210Pb 
activity results from three GEOTRACES transects: two transects of the North Atlantic 
Ocean (GA03: 15 – 40 ºN, and GA01: 40 – 60 ºN) and one transect of the South Pacific 
Ocean (GP16: 10 – 15 ºS), and estimate 210Po export fluxes at the base of the primary 
production zone (PPZ) by assuming steady state (SS) without advection or diffusion of the 
isotopes. The SS 210Po flux was sometimes lower at basin margins than at the open-ocean 
stations along the transects. High SS 210Po flux estimations derived in the North Atlantic 
subtropical gyre may be associated with the atmospheric deposition of 210Pb to the surface 
ocean. In this paper we also question the validity of the SS assumption and discuss the 
influence of vertical advection on the overall 210Po activity balance. The SS model may 
have underestimated the export flux of 210Po at margin stations in the GA03 and GP16 
transects and along the GA01 cruise track. We found that upwelling in the Peruvian coastal 
region and near the Greenland shelf had a dramatic impact on the estimated 210Po flux 
balance. Further, analysis of the partitioning coefficient and phytoplankton community 
structure suggested the importance of small particles in the scavenging of radionuclides. 
This suggests it is wise to sample small particles along with large particles to determine 
the ratio of the concentration of particulate organic carbon (POC) to 210Po activity 
(POC/210Po) for the lower limit of POC export flux estimations. Finally, the observation of 
the deficit of 210Po relative to 210Pb activity (210Po/210Pb < 1) in seawater concurrent with a 




which assumes that 210Po activity is more effectively removed from the surface ocean via 
particles than 210Pb activity. While this observation deserves more attention, we propose 
two possible solutions: (1) the deficit of total 210Po relative to 210Pb activity in the surface 
ocean may be due to an input of 210Pb activity instead of/concurrent with a relative removal 
of 210Po activity via particle export; or (2) the particles collected may not be the ones that 





The oceanic biological pump plays an important role in the global carbon cycle and 
global climate change (Sarmiento and Toggweiler, 1984). The biological pump includes 
the fixation of carbon dioxide in the surface ocean by phytoplankton and the subsequent 
transport of particulate organic carbon (POC) to depth (Volk and Hoffert, 1985; Ducklow 
et al., 2001). It has been predicted that without the biological carbon pump, the atmospheric 
carbon dioxide concentration could be ~ 50% higher than its current value (Sanders et al., 
2014).  
The 210Po-210Pb disequilibrium method is one of the radionuclide techniques to 
study particle export in the upper ocean (Buesseler et al., 1992; Rutgers van der Loeff et 
al., 1997; Cochran and Masqué, 2003; Murray et al., 2005; Stewart et al., 2007a; Verdeny 
et al., 2009; Le Moigne et al., 2013; Hayes et al., 2018). Polonium-210 (half-life = 138.4 
d) and 210Pb (half-life = 22.3 y) are both particle reactive but have different particle-binding 
mechanisms. Lead-210 only adsorbs onto particle surfaces, while its daughter 210Po can 
also be assimilated into organism cells and bioaccumulate within the food chain (Fisher et 
al., 1983; Cherrier et al., 1995; Stewart and Fisher, 2003b; 2003a). Due to these differences 
in biogeochemical behaviors, 210Po is believed to be more efficiently scavenged onto 
sinking particles and removed from the surface ocean than 210Pb. The export flux of 210Po 
can be obtained from the disequilibrium between the total 210Po and 210Pb activity in the 
surface ocean. Specifically, the integrated deficit of 210Po activity with respect to 210Pb 
activity in the upper water column can be converted into a 210Po export flux when 




of total 210Po activity with time) and neglecting advection and diffusion (1-D steady state 
model) (e.g. Bacon et al., 1976; Moore and Smith, 1986; Nozaki and Tsunogai, 1976). The 
total 210Po export flux can be used to derive the sinking flux of POC by multiplying the 
210Po flux by the ratio of POC concentration to 210Po activity (POC/210Po) on sinking 
particles, in a parallel manner as the application of the 234Th-238U disequilibrium (Friedrich 
and Rutgers van der Loeff, 2002; Murray et al., 2005; Verdeny et al., 2009). 
To our knowledge, relatively few studies have used the 210Po-210Pb disequilibrium 
technique to quantify POC export flux at a basin-wide scale (Friedrich and Rutgers van der 
Loeff, 2002; Murray et al., 2005; Ceballos-Romero et al., 2016; Roca-Martí et al., 2016). 
GEOTRACES, aiming to improve the understanding of large-scale distribution of trace 
elements and isotopes in the ocean (GEOTRACES Planning Group, 2006), provides a 
unique opportunity to obtain a large number of measurements of 210Po and 210Pb activity, 
concurrently with the measurements of hydrographic property and particle concentration 
in a range of marine environments. Here we use the measurements of 210Po and 210Pb 
activity measured along the GEOTRACES North Atlantic GA03 (NAZT) and GA01 
(GEOVIDE) transects, and the GEOTRACES East Pacific GP16 (EPZT) transect (Fig. 5.1). 
The GA03 (2010-2011) transect sampled the region influenced by the Mediterranean 
outflow near Lisbon, the Mauritanian upwelling off West Africa, the North Atlantic 
subtropical gyre, the Trans-Atlantic Geotraverse (TAG) hydrothermal plume, and North 
American shelf (Boyle et al., 2015). The GP16 (2013) transect sampled the productive 
Peruvian upwelling region, the East Pacific Rise (EPR) hydrothermal plume, and the South 
Pacific oligotrophic gyre (Moffett and German, 2018). The GA01 (2014) transect sampled 




the sub-arctic front, the Irminger Gyre, the Greenland Current, and the Labrador Current 
(Sarthou et al., 2018). The 3 GEOTRACES cruise tracks have spanned oceanographic 
regions with different aeolian inputs, distances from the coast, hydrodynamics, rates of 
primary production, and phytoplankton community compositions, providing opportunities 
to examine the distributions of the radionuclides, and more importantly, to assess the 
robustness of the application of the 210Po-210Pb disequilibrium to determine the removal 
flux of 210Po and organic carbon from the surface ocean by sinking particulate matter in 
the ocean. 
The goals of this paper are to 1) provide an overview of the 210Po fluxes along the 
3 cruise tracks from the upper ocean derived from the most commonly used 1-D steady 
state model, 2) discuss potential causes for the unexpected patterns of modeled 210Po flux, 
3) assess the role of small particles in the scavenging of radionuclides and carbon export, 
and 4) provide some guidance for future studies that aim to use the 210Po-210Pb 
disequilibrium to estimate POC export from the surface via the biological pump in the 
ocean. 
5.2 Methods 
5.2.1 GEOTRACES transects 
Seawater and particulate samples were collected on three GEOTRACES section 
cruises in the North Atlantic (GA03 and GA01) and East Pacific (GP16; Fig. 5.1). The U.S. 




Portugal to Cape Verde, and from October to December 2011 from Woods Hole, to Cape 
Verde. The U.S. GEOTRACES GP16 cruise departed from October to December 2013 
from Manta, Ecuador to Tahiti. The French GEOTRACES GA01 cruise took place in May 
to June 2014, sailing from Lisbon, Portugal to St. John’s, Canada.    
 
Figure 5. 1 Sampling locations and site designations of the GEOTRACES GA03 (green 
squares, Oct-Nov 2010, Nov-Dec 2011) and GA01 (blue circles, May-Jun 2014) transects 




5.2.2 Total/dissolved 210Po and 210Pb 
5.2.2.1 GA03 transect 
Seawater samples (~ 20 L) for dissolved (< 0.45 µm) 210Po and 210Pb activity were 
collected at 7 “super” (multicast) stations. At station 11-10, 11 depths were sampled to 
2000 m using Niskin bottles. At the remaining stations, 16 depths were sampled at each 
station from Niskin bottles. Surface samples were also collected at stations 11-10 and 11-
20 using a pump with a sampling pipe that extended ~ 1-2 m below the surface. 
5.2.2.2 GP16 transect 
Seawater samples for dissolved (< 0.45 µm) 210Po and 210Pb activity, with volumes 
ranging between 12 to 22 L, were collected at 5 “super” stations (1, 11, 18, 26, and 36) and 
one shallow shelf station (4) using Niskin bottles. At the “super” stations, 22-27 depths 
were sampled through the water column. At station 4, eight depths were sampled through 
most of the water column. 
5.2.2.3 GA01 transect 
Seawater samples (5-10 L) for total 210Po and 210Pb activity were collected at 11 
stations using Niskin bottles. At 10 “super” stations (1, 13, 21, 32, 38, 44, 60, 64, 69, and 
77), 16 to 22 discrete depths were sampled through the water column. At the “XLarge” 




5.2.2.4 Total/dissolved radiochemical analysis 
For the dissolved samples from the GA03 and GP16 transects, the filtered seawater 
was spiked with known amounts of 209Po and stable Pb as chemical yield tracers. After > 
24 h of isotope equilibration, the Po and Pb isotopes were co-precipitated with Fe(OH)3 
(Church et al., 2012). Samples were filtered, and Po and Pb in the precipitate was recovered 
in a 0.5 M HCl solution. For the total samples from the GA01 transect, the seawater was 
spiked with known amounts of 209Po and stable Pb and allowed to equilibrate for > 12 h. 
The Po and Pb isotopes were co-precipitated with cobalt-ammonium pyrrolidine 
dithiocarbamate (Co-APDC) (Fleer and Bacon, 1984). The precipitate was recovered by 
filtration, and the filters with precipitate were digested using concentrated HCl and HNO3. 
The sample was then evaporated to near-dryness, and followed by recovering in 0.5-1 M 
HCl solution.  
Polonium-209 and 210Po were plated by deposition from the 0.5-1 M HCl solution 
onto a silver disc (Flynn, 1968) and their activities were measured by alpha spectrometry. 
Any remaining Po isotopes in the plating solution was removed using AG1-X8 anion 
exchange resin (Church et al., 2012). Samples were then re-spiked with 209Po, stored for > 
6 months, plated and counted by alpha spectrometry for the determination of 210Pb activity 
via the ingrowth of 210Po. Polonium-210 and 210Pb activities at the sampling date were 
calculated from a series of in-growth, decay, recovery, detector background, and blank 




The dissolved 210Po and 210Pb activity data from the GA03 and GP16 are available 
at https://www.bco-dmo.org/dataset/3914/data and https://www.bco-
dmo.org/dataset/641044/data, respectively. The total 210Po and 210Pb activity data from the 
GA01 is available in Tang et al. (2018). 
5.2.3 Particulate 210Po and 210Pb 
5.2.3.1 GA03 and GP16 transects 
Size-fractionated particulate 210Po and 210Pb samples were collected using McLane 
in situ pumps at approximately the same depths as the dissolved samples. “Large” particles 
(> 51 µm) were collected on a 51 µm pore size Sefar polyester mesh prefilter, while “small” 
particles (1-51 µm) were collected via a paired 1 µm Whatman QMA quartz fiber filter. 
5.2.3.2 GA01 transect 
Particulate 210Po and 210Pb samples were collected between 15 and 800 m using 
McLane in situ pumps. A 53 µm PETEX prefilter followed by paired 1 µm Whatman QMA 
quartz fiber filter were used to collect large (> 53 µm) and small (1-53 µm) particulate 
samples, respectively. 
5.2.3.3 Particulate radiochemical analysis 
Particulate 210Po and 210Pb samples were spiked with known amounts of 209Po and 
stable Pb followed by acid digestions (HNO3/HCl/HF). The solution was evaporated to 




processed as described for the total/dissolved samples in Sect. 5.2.2.4. The particulate 210Po 
and 210Pb activity data from the GA03, the GP16, and the GA01 cruise tracks are available 
at https://www.bco-dmo.org/dataset/3917/data, https://www.bco-
dmo.org/dataset/675444/data, and in Tang et al. (2018), respectively. 
5.2.4 Suspended particulate matter (SPM) 
The filters for the major particle compositional components (opal, particulate 
organic matter (POM), CaCO3, lithogenic material, Fe and Mn (oxyhydr)oxides) were 
subsampled from the same filters that were previously sampled for particulate 210Po and 
210Pb activity. The determination of major particle composition and concentration from the 
GA03 were presented in Lam et al. (2015) and from the GP16 were presented in Lam et al. 
(2018). For the particulate samples from the GA01, the determination of the major particle 
composition and concentration followed the procedures described in Lam et al. (2015). The 
mass concentration of SPM in each size fraction was estimated as the chemical dry weight 
of the major particle compositional components. The size-fractionated SPM concentration 
data from the GA03, GP16, and GA01 are available at https://www.bco-
dmo.org/dataset/3871/data, https://www.bco-dmo.org/dataset/668083/data, and in Tang et 
al. (2018), respectively. 
5.2.5 Satellite-derived net primary production and phytoplankton composition 
Monthly net primary production (NPP) estimated by the Vertically Generalized 




Oregon State University Ocean Productivity standard products 
(http://www.science.oregonstate.edu/ocean.productivity/).  
Monthly concentrations of total chlorophyll, diatoms, coccolithophores, 
cyanobacteria, and chlorophytes were obtained from the Goddard Earth Science Data and 
Information Services Center Interactive Online Visualization and Analysis Infrastructure 
(https://giovanni.gsfc.nasa.gov/giovanni/). The monthly average fraction of diatoms, 
coccolithophores, cyanobacteria, and chlorophytes was calculated as the ratio of their 
concentration to total chlorophyll concentration.  
Time-series (7 months) of NPP and phytoplankton composition at each station were 
used to demonstrate the trends in the productivity and community composition during the 
period of 210Po’s mean life (~ 200 days).  
5.2.6 One-box 210Po export model 
The simplest 210Po export model combines the dissolved and particulate 210Po 
activity into a single box (Fig. 5.2). The mass balance equation of total 210Po activity in the 
one-box model is expressed by (based on the work in Bacon et al., 1976): 
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where &3. and &'. are the measured total 210Pb and total 210Po activities (dpm 100 L-1), 




1 d-1), 4+, is the decay constant of 210Po (0.00501 d-1), & is the export flux of 210Po activity 
on sinking particles (dpm 100 L-1 d-1), and 6 is the sum of advective and diffusive fluxes 
of 210Po activity (dpm 100 L-1 d-1).   
The 210Po export flux (P) can be converted into the export flux of POC, by 
multiplying by the ratio of the concentration of POC to the activity of 210Po (POC/210Po) 
of the sinking particles: 
&78 = & ×
+9:
+,
 ,                 (2) 
where &78 is the export flux of POC, and +9:
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Figure 5. 2 Diagram of the one-box 210Po export model including reservoir of total 210Po 
activity (Pot) and fluxes of radioactive decay (4+,) of 210Pb and 210Po, atmospheric 
deposition of 210Po (FPo), advective and diffusive 210Po (V), and sinking (P). 
In practice, the following assumptions are usually made to calculate export flux of 
210Po and POC:  
1. The system is in the steady state (SS, %;+, %( = 0⁄ ); 
2. The atmospheric deposition of 210Po activity is negligible (1+, = 0); 
3. The horizontal and vertical advective and diffusive fluxes of 210Po activity are 
negligible (6 = 0); 
4. Only the large particles, typically 51 µm or larger, sink and export 210Po activity 




5. The particles sampled are the ones that caused the 210Po activity deficit with 
respect to 210Pb activity in the upper ocean. 
If the assumptions (1) to (3) are true, the export flux of 210Po from the SS 1-D model 
can be estimated using the following equation:   
&@> = 	∫ (&3. − &'.)4+,BC
>
#
,                        (5.3) 
where the 210Po/210Pb disequilibrium is integrated to depth C. Here C is the base of the 
primary production zone (PPZ), the depth where fluorescence reached 10% of its maximum 
(GA03: Owens et al., 2015; GP16: Ohnemus et al., 2017; GA01: Tang et al., 2019).  
In Sect. 5.3, we first present the export flux of 210Po activity calculated from the SS 
1-D model in Sect. 5.3.1. Then we systematically discuss the problems that may be related 
to each of the five assumptions in Sect. 5.3.2 to 5.3.6.  
5.3 Results and discussions 
5.3.1 Export flux of 210Po activity calculated from the SS 1-D model 
The SS fluxes of 210Po activity were calculated using Eq. (5.3) ignoring advection 





Figure 5. 3 Comparison of the steady state 210Po export fluxes (dpm m-2 d-1) along the 
GEOTRACES GA03, GP16, and GA01 transects. All the fluxes were calculated from the 
deficit alone and integrated to the base of the primary production zone. Note that negative 
fluxes are denoted by star symbols. 
5.3.1.1 GA03 transect 
During the GA03 transect, the fluxes of 210Po activity within the subtropical gyre 
(40-70 dpm m-2 d-1) appeared to be near to, or even greater than, those at the margin stations 
(9-60 dpm m-2 d-1). This has been discussed in Hayes et al. (2018) and the authors explained 
the trend based on the distribution of 210Pb activity along the transect. In the surface ocean, 
210Pb has two sources, one is from atmospheric deposition and the other is due to in situ 




activity with respect to 226Ra activity (210Pb/226Ra > 1) in the surface ocean. Such deposition 
would likely result in 210Po activity deficit with respect to 210Pb as the 210Po/210Pb activity 
ratios are very low in aerosols (< 0.1, Baskaran, 2011). If indeed a large fraction of the 
210Pb activity was sourced from atmospheric deposition at the subtropical gyre stations and 
at the Mauritanian margin (210Pb/226Ra: 2.0-2.9, Tale 5.1), it is possible that the 210Po deficit 
was largely created by atmospheric deposition rather than particle export (Hayes et al., 
2018). 
Table 5. 1 The range of the 210Pb/226Ra activity ratio in the primary production zone across 
the GEOTRACES GA03, GP16, and GA01 transects.  
Transect station 210Pb/226Ra 
GA03 10-01 0.9-1.7 
GA03 10-09 1.0-2.6 
GA03 11-01 0.9-2.0 
GA03 11-10 1.2-2.0 
GA03 11-12 1.7-2.9 
GA03 11-16 1.7-2.5 
GA03 11-20 1.7-2.0 
GP16 1 0.8-1.2 
GP16 4 0.9-1.2 
GP16 11 1.1-2.8 
GP16 18 1.1-4.6 
GP16 26 1.3-2.9 




Transect station 210Pb/226Ra 
GA01 1 0.8-1.5 
GA01 13 1.4-1.5 
GA01 21 1.2-1.3 
GA01 26 1.3-1.7 
GA01 32 1.3-1.7 
GA01 36 1.0-1.4 
GA01 44 1.2-1.3 
GA01 60 1.7-2.1 
GA01 64 1.3-1.6 
GA01 69 1.1-1.3 
GA01 77 0.9-1.5 
 
5.3.1.2 GP16 transect 
Polonium-210 export during the GP16 transect was highly variable, ranging from 
negligible up to 30 dpm m-2 d-1 (Fig. 5.3). The SS calculated 210Po fluxes at stations 1 and 
4 at the Peruvian coast were between -8 and 4 dpm m-2 d-1, significantly lower than those 
at the offshore and gyre stations. Like along GA03, the higher estimated 210Po fluxes at 
stations far from the coast along this transect could be due to greater atmospheric 
deposition. In fact, the 210Pb/226Ra activity ratio in the gyre (2.1–4.6, Table 5.1) was found 
to be higher than that near the coast (0.8–1.2), indicating significantly higher atmospheric 




the coast was that the system may not have been in steady state, so the SS model may have 
underestimated the flux. The non-steady state (NSS) effect on the 210Po flux will be 
discussed in more detail in Sect. 5.3.2. It is also likely that the estimated coastal 210Po 
activity fluxes were underestimated due to neglecting the impact of upwelling in the SS 
calculation which ignored advection. The upwelling effect on total 234Th activity balance 
at the Peruvian coast was evaluated during the same cruise by Black et al. (2017). Those 
authors reported that the upwelling adjustments increased the 234Th fluxes by ~ 175%. In 
this study, the impact of upwelling on the 210Po fluxes will be addressed in Sect. 5.3.4.  
5.3.1.3 GA01 transect 
The SS fluxes of 210Po activity had a smaller range from negative values at station 
1 on the Lisbon coast to 18 dpm m-2 d-1 at station 64 near Greenland along the GA01 
transect. The total 210Pb/226Ra activity ratio in the PPZ was between 1.1 and 1.5 except at 
station 60 where this ratio was 1.9. The atmospheric source of 210Pb along GA01 was lower 
overall compared to that along the GA03 transect (Table 5.1), suggesting that the observed 
210Po activity deficit along GA01 could in fact be driven by scavenging and particle export. 
The estimated SS 210Po fluxes, however, may have been underestimated at some stations 
that experience significant seasonal blooms because the SS assumption was not valid (Tang 
et al., 2019). Finally, the impact of physical transport on 210Po activity export estimates 
may also be important along the GA01 transect, in which samples came from different 
dynamic regimes (Zunino et al., 2017; García-Ibáñez et al., 2018). Both the non-steady 
state effects as well as the influence of advection will be discussed below in Sect. 5.3.2 and 




5.3.2 Assumption (1), non-steady-state effects on 210Po export estimates 
During the 3 GEOTRACES cruises, repeated sampling at the same station was not 
possible due to limited ship time. As a result, SS had to be assumed in the mass balance 
calculations. It is difficult to determine how valid the SS assumption was without time-
series observations of total 210Po and 210Pb activities. The time-series data of NPP and 
phytoplankton community structure, however, may provide some insight into assessing the 
SS assumption. This has been done for the GA01 transect by Tang et al. (2019) and will be 
discussed in a similar manner for the GA03 and GP16 transects in Sect. 5.3.2.1 and 5.3.2.2.  
5.3.2.1 Satellite-derived NPP 
Satellite estimates of monthly net primary production for the 7-month period prior 
to sampling varied at different locations (Fig. 5.4). While NPP at the 4 open ocean stations 
(stations 11-10, 11-12, 11-16, 11-20) along GA03 ranged from 10 – 30 mmol C m-2 d-1, 
NPP at the 3 margin stations (stations 10-01, 10-09, 11-01) was generally higher and in a 
wider range (40-160 mmol C m-2 d-1, Fig. 5.4A). Similarly, NPP along GP16 also showed 
higher values and a much wider range (70 – 360 mmol C m-2 d-1) at the margin stations 
(stations 1 and 4) than those at the open ocean stations (stations 11, 18, 26, and 36, 20 – 40 
mmol C m-2 d-1, Fig. 5.4B), particularly at station 4 where NPP ranged from 90 to 360 
mmol C m-2 d-1. For the GA01 transect, NPP at the margin stations (stations 1, 60, 64, and 
77) were not significantly different from those at the open ocean stations (Wilcoxon test, 
p-value = 0.6), with the range of 3-130 mmol C m-2 d-1 at the margins vs. 7-270 mmol C 




The large range of NPP values over 7 months at margin stations along the GA03 
and GP16 transects, and at most of the stations along the GA01 transect, indicate that 
significant blooms may have occurred during these time periods, and so the assumption of 
steady state may not be valid in these regions. Because %;+, %(⁄  is negative under 
conditions of sudden export at certain stages of the bloom events, the SS model may have 
underestimated the integrated export flux of 210Po activity at those stations. In contrast to 
the margin stations along GA03 and GP16, SS assumptions at the open ocean stations on 
these transects appear to be valid with little change in NPP, suggesting no signficant bloom 





Figure 5. 4 Boxplots of satellite estimates of monthly net primary production (NPP, 
VPGM algorithm, http://www.science.oregonstate.edu/ocean.productivity/) in 7 months 
(~ mean life of 210Po) prior to the sampling time along the (A) GA03, (B) GP16, and (C) 
GA01 transects. Note that the NPP scale differs among plots. 
5.3.2.2 Phytoplankton community structure 
Non-steady state was not only seen in the magnitude of NPP at some stations during 
the 3 GEOTRACES transects, but also observed via changes in time-series phytoplankton 




• GA03 transect 
Along this transect, the community of phytoplankton was most dynamic and the 
NPP was highest at the coastal stations (stations 10-01, 10-09, and 11-01), while the open 
ocean stations were dominated by cyanobacteria most of the time, followed by 
coccolithophores and had low NPP. At station 10-01, coccolithophores dominated the 
community from April to July 2010; NPP peaked in July, and the abundance of 
cyanobacteria gradually increased, dominating the community by September and October 
(Fig. 5.5A). The maximum NPP at station 10-09 was associated with the dominance of 
diatoms in April and May 2010; chlorophytes became dominant as the diatoms started to 
decline in June - August 2010, and by September and October, the community was 
dominated by cyanobacteria (Fig. 5.5A). At station 11-01, chlorophytes dominated the 
community throughout the 7-month period before sampling, but diatoms peaked in May 












Figure 5. 5 Times -series satellite-based monthly average fraction (no unit, left Y axis) of 
diatoms (DEFG), coccolithophores (DH,H), cyanobacteria (DHIG), and chlorophytes (DHJK) with 
monthly net primary production (mmol C m-2 d-1, right Y axis) along the (A) GA03, (B) 
GP16, and (C) GA01 transects. Phytoplankton data are from the Giovanni online data 
system https://giovanni.gsfc.nasa.gov/giovanni/. Net primary production (NPP) data are 






• GP16 transect 
Diatoms dominated the phytoplankton community and NPP was highest at the shelf 
stations (stations 1 and 4) throughout the 7-month period examined (Fig. 5.5B). Station 4 
was characterized by significant production in June, September and November, with NPP 
exceeding 300 mmol C m-2 d-1 during each month. At the offshore station 11, there was a 
transition from cyanobacteria to chlorophytes as the most dominant group of phytoplankton 
during the 7-month period. For the stations in the gyre (stations 18, 26, and 36), 
cyanobacteria dominated the community from May to December 2013, and NPP remained 
quite low. 
• GA01 transect 
Time-series NPP suggested that production was increasing or peaked just prior to 
or in the month when the sampling was carried out along GA01 (Fig. 5.5C). Diatoms 
dominated the community (as high as 100%) at all stations besides those in the Iberian 
Basin between November 2013-June 2014 (Fig. 5.5C). The phytoplankton communities at 
stations 1 and 13 in the Iberian Basin, however, were dominated by coccolithophores, with 
an increased contribution from diatoms between November 2013-April 2014.  




The sorption of 210Po and 210Pb onto oceanic particles is largely associated with 
specific organic matter compounds, especially specific biopolymeric substances excreted 
by phytoplankton (e.g. Yang et al., 2013; Chuang et al., 2014; Chuang et al., 2015; Yang 
et al., 2015). For instance, siliceous frustule-embedded biopolymers in diatoms and 
excreted exopolymeric substances were found to preferentially adsorb 210Pb over 210Po 
(Friedrich and Rutgers van der Loeff, 2002; Chuang et al., 2014; Tang et al., 2017). It has 
also been suggested that the adsorption of 210Po and 210Pb could be enhanced in the 
presence of protein and acid polysaccharides, respectively (Quigley et al., 2002; Yang et 
al., 2013). Further, recent experimental studies revealed that 210Po tends to bind to 
coccolithophore-associated proteins while 210Pb may be incorporated into the coccosphere 
during the growth of the cells (Lin et al., 2017). Thus significant differences in 210Po and 
210Pb partitioning and organic compositions could exist among different phytoplankton 
groups (Lin et al., 2017), and the temporal changes in phytoplankton community structure 
would potentially provide dynamic conditions for the scavenging and fractionation of 210Po 
and 210Pb, leading to NSS effects on the 210Po activity balance in the surface ocean. The 
particular NSS effects associated with the dynamics of phytoplankton composition need to 
be further studied to complete our understanding of the ecological linkages between 
phytoplankton composition and radionuclide partitioning.  
5.3.3 Assumption (2), atmospheric deposition 
Because of the short residence time of 210Pb in the atmosphere, 210Po, as its daughter 
product, represents low activity in aerosols and atmospheric flux of 210Po can indeed be 




activity deficit with respect to 210Pb in the surface water as the 210Po/210Pb activity ratios 
are very low in aerosols (< 0.1, Baskaran, 2011). If the 210Po deficit is largely created by 
atmospheric deposition rather than particle export, the flux could be overestimated by using 
the traditional 210Po/210Pb method. We could use 210Pb/226Ra activity ratio as an indicator 
for atmospheric deposition intensity: larger activity ratio indicating that larger fraction of 
the 210Pb activity is sourced from atmospheric deposition. However, it seems difficult to 
quantify the contribution of atmospheric deposition of 210Pb activity to the 210Po deficit. In 
other words, we need to develop a technique/model that can differentiate the 210Po deficit 
that is created by particle export from the 210Po deficit that is created by the large addition 
of atmospheric 210Pb activity.   
5.3.4 Assumption (3), influence of vertical advection on 210Po export estimates 
To determine the 210Po flux due to the advection, both the activity gradients of 210Po 
activity and the velocity in the corresponding directions are needed. Our sampling 
resolution in the horizontal direction during the 3 GEOTRACES cruises was not sufficient 
to perform reliable assessment on the horizontal advective flux. Therefore, we did not 
attempt to assess the influence of horizontal process on 210Po activity distributions in the 
present study. The vertical resolution of our sampling, however, was relatively high, 
allowing us to assess the influences of vertical advection (upwelling/downwelling) on the 
overall 210Po activity balance. The vertical advective 210Po flux at the PPZ was calculated 
by multiplying the vertical gradient of 210Po activity between PPZ and (PPZ + 20 m) by the 




1L = ! × (;+,
" − ;+,
M ),                            (5.4) 
where 1L is the flux of 210Po due to vertical advection, ;+,M  is the average 210Po activity in 
the PPZ, ;+,"  is 210Po activity at the depth of (PPZ+20 m), and ! is vertical velocity.  
For the shelf stations 1 and 4 in the Peruvian coastal upwelling region along transect 
GP16, we used the ! velocities that were determined from the observed dilution of the 7Be 
(half-life = 53.3 days) inventory in the mixed layer due to upwelling of 7Be-deficit waters 
from below (3.0 m d-1, Kadko, 2017). For the other stations along GP16 (stations 11, 18, 
26, and 36), and the stations along GA03 and GA01, without 7Be-derived vertical velocities, 
we used the vertical velocities reanalyzed by phase II of the Estimating the Circulation and 
Climate of the Ocean model (ECCO2, 
http://apdrc.soest.hawaii.edu/las/v6/dataset?catitem=1, Menemenlis et al., 2008), which 
can be used to investigate the vertical exchange of ocean properties and tracers (Liang et 
al., 2017). The ECCO2 estimates of ! velocities were the 30-day (30 days prior to the 
sampling time) average vertical velocity between the depths of PPZ and (PPZ + 20 m).   
 The vertical advective fluxes of 210Po calculated by Eq. (5.4) ranged from -14 – 20 
dpm m-2 d-1, -2 – 180 dpm m-2 d-1, and -36 – 8 dpm m-2 d-1 for the stations along GA03, 
GP16, and GA01, respectively (Fig. 5.6). The 210Po flux calculated from the deficit alone 
at station 10-01 during GA03 overestimated the 210Po export flux by 50% in neglecting 
vertical advection, and at stations 10-09 and 11-01 respectively underestimated the flux by 
25% and 230% in neglecting vertical advection. For the open ocean stations along this 




stations 1 and 4 along GP16, upwelling increased the 210Po export flux by 5000% and 300%, 
respectively, whereas much smaller influence of vertical advection on the 210Po flux (< 
10%) was observed at offshore and gyre stations. Along GA01, vertical advection changed 
(decrease/increase) the 210Po fluxes calculated from the deficit alone by > 10% at 10 out of 
11 stations, and by up to ~400% at station 60. The great differences between export fluxes 
with and without vertical advection at stations 1 and 4 along GP16 and at station 60 along 
GA01 were mainly due to the high upwelling rates (~ 3 m d-1) at these sites. The water 
upwelled from depth at the Peruvian coast was enrich in 210Po compared to the surface 
waters, resulting in underestimations of 210Po export at stations 1 and 4 if not included. In 
contrast, the water upwelled near Greenland was more 210Po depleted than the surface 
waters, which decreased the amount of 210Po available for export in the surface, resulting 
in overestimations of 210Po export at station 60 if not included.  
The impact of vertical advection on the 210Po surface mass balance and export 
fluxes was significant at the margins during the 3 GEOTRACES campaigns and should be 





Figure 5. 6 Comparison of the 210Po activity export flux at the depth of the primary 
production zone (PPZ) calculated from the deficit alone (gray bars) to the flux calculated 
from the vertical advection (white bars) at the stations along GA03, GP16, and GA01. 
Note that the vertical velocities (!) at stations 1 and 4 along the GP16 transect were the 
7Be-derived upwelling rate (3 m d-1) at the base of the mixed layer (Kadko, 2017). The 
vertical velocities at other stations along were the 30-day (30 days prior to the sampling 
date) average vertical velocities within the 20 m under the PPZ (! is the reanalysis 
product from the ECCO2, http://apdrc.soest.hawaii.edu/las/v6/dataset?catitem=1). 
5.3.5 Assumption (4), role of small particles 
5.3.5.1 Role of small particles in the adsorption and scavenging of 210Po and 210Pb 
The partitioning coefficient (NE , L kg-1), a measure of the amount of the 




radionuclide dissolved in seawater, can be calculated as the ratio of the activity measured 
in the particulate phase (;O, dpm 100 L-1) to the activity in the dissolved phase (;E, dpm 







10X.         (5.5)  
There are two commonly used conceptualized scavenging models: the two-box 
model (dissolved-total particulate phases), and the three-box model (dissolved-small-large) 
(Clegg and Whitfield, 1990; 1991; Rigaud et al., 2015). Since most of the particulate 210Po 
and 210Pb activity was on the small particles during the 3 GEOTRACES transects (Rigaud 
et al., 2015; Tang et al., 2018), the partitioning coefficients of 210Po (NE(&')) and 210Pb 
(NE(&3)) were calculated for small (three-box model) and total (two-box model) particles. 
The subscript Y and Z were used to designate partitioning coefficient for small and total 
particles, respectively.    
Because the particulate samples along GA01 were all collected from the upper 1000 
m, in order to avoid any discrepancy, we only examined the Kd values for the samples from 
this depth layer for all 3 transects in the present study. The NE(&')[ and NE(&')O values 
from the 3 GEOTRACES transects were in the range of 105.2 – 107.4 and 105.0 – 107.3 L kg-
1, respectively (Fig. 5.7A), while the NE(&3)[ and NE(&3)O values were in the range of 
105.1 – 107.2 and 105.0 – 107.1 L kg-1, respectively (Fig. 5.7B). The average values of NE(&') 
were almost two times greater than those of NE(&3) in both small and total particles, 




the results observed in other regions of the global ocean (Bacon et al., 1988; Hong et al., 
1999; Masqué et al., 2002; Murray et al., 2005; Wei et al., 2014). Compared to the total 
particles, small particles showed a slightly higher affinity for both radionuclides along all 
3 transects (Fig. 5.7), indicating the significant role of small particles in the process of 





Figure 5. 7 Plots of the partitioning coefficient (Kd, L kg-1) between the dissolved and 
small particulate phases (Kd)s vs. between the dissolved and total particulate phases (Kd)p 
for (A) 210Po and (B) 210Pb activity. The samples are from the upper 1000 m along the 




5.3.5.2 Including small particles in the estimation of POC/210Po ratio 
Traditionally, the POC/210Po ratios in the large particles (> 53 or 70 µm) collected 
by in situ pumps have been used to convert 210Po fluxes into POC export fluxes (e.g., 
Friedrich and Rutgers van der Loeff, 2002; Cochran and Masqué, 2003; Murray et al., 2005; 
Stewart et al., 2010; Roca-Martí et al., 2016). However, the data from these three cruises 
suggest that small particles could have played an important role in the 
adsorption/scavenging of the radionuclides, particle sinking, and eventually carbon export 
flux and should be included in the conversion from 210Po flux to POC flux. Choosing the 
proper conversion ratio is important for the estimations of POC export flux (e.g., Buesseler 
et al., 2006; Hayes et al., 2018) because the POC/210Po ratios in the small and large particles 
can sometimes differ significantly. 
Here we present the size-fractionated POC/210Po ratios vs. depths in each transect 
individually to illustrate the relationships between the ratio and depth (Fig. 5.8). Such 
relationships are used to derive the POC/210Po ratio at the depth over which the 210Po flux 






Figure 5. 8 The ratios of POC concentration to 210Po activity (µmol dpm-1) in the size-
fractionated particles vs. depth along (A) and (B) the GA03, (C) and (D) the GP16, and 
(E) and (F) the GA01 transects. The figures on the left represent the ratios on small 
particles, while those on the right are on large particles. Power law functions (red lines) 
were obtained by fitting POC/210Po ratios against depths. Outliers represented by filled 
magenta circles were values greater than 1.5 standard deviations away from the power 
law function, and were excluded from the model equations. Note that the POC/210Po scale 
differs between cruises, but is constant within each transect. 
In all three transects, both the values and variability of the particulate POC/210Po 
ratios were much higher in the upper water column than at depth in both size fractions (Fig. 
5.8). The ratios decreased with depth to relatively constant values in the mesopelagic zone 




is consistent with the depth variation of particulate POC/234Th ratios, which have been 
extensively studied (Charette and Moran, 1999; Moran et al., 2003; Buesseler et al., 2006; 
Burd et al., 2007; Owens et al., 2015; Black et al., 2017; Lemaitre et al., 2018). The 
decreasing trend with depth in POC/radionuclide profiles could be a result of the 
preferential remineralization of organic carbon as particles sink (Buesseler et al., 2006; 
Lam and Bishop, 2007; Rutgers van der Loeff et al., 2002).  
To study the POC/210Po vs. depth relationships further a power law function was 
applied to fit the measured POC/210Po ratios against depths in both size fractions. When 
excluding the outliers, the fit explains 50 – 80% and 50 – 60% of the total variation in the 
ratios of small and large particles, respectively. In all cases, the models predict higher ratios 
on the larger particles than on the smaller particles within the upper 200 m, which was 
deeper than the PPZ at our study sites. This difference was most significant along GA03 
where modeled average ratios in the large particles were twice the average ratios in the 
small particles.  
The consistent difference in small and large particulate POC/210Po ratios means that 
the traditional use of the conversion ratio in the large size fraction would overestimate the 
POC export. Our data indicates that this overestimation may be systematically greater in 
the North Atlantic than in the East Pacific, but each dataset should be examined closely to 
see if there will be a bias. Despite the availability of size fractionated data, we suggest that 
the POC/210Po ratio of the total particles (the combination of small and large particles) 




It is possible that the average ratio on total particles may be similar to that of the 
small particles as found by Tang et al. (2019) along GA01. This may be due to the 
dominance of small particles not only in POC concentration (e.g., Lam et al., 2015) but 
also in particulate 210Po activity (e.g., Rigaud et al., 2015). As a result, the average 
POC/210Po ratio of the small and total particles can be used as a lower limit to the estimate 
of the POC export flux based on the 210Po activity flux. 
5.3.6 Assumption (5), the 210Po/210Pb activity ratio in the particulate vs. total 
fractions 
For the steady state, one-box conceptual model of the 210Po/210Pb system to be 
applicable, anytime there is 210Po activity deficit with respect to 210Pb activity in the total 
fraction (dissolved plus particulate) in the upper ocean (AR: 210Pot/210Pbt < 1), then the 
activity ratio of 210Po/210Pb on the sinking particles (total particulate AR: 210Pop/210Pbp) 
should be greater than 1. In reality, however, seawater samples with 210Pot/210Pbt < 1 are 
sometimes concurrent with 210Pop/210Pbp < 1. Along the three GEOTRACES transects 
studied here, between 10 and 14 particulate samples out of 60 -120 total particulate samples 
were depleted in 210Po relative to 210Pb (210Pop/210Pbp AR < 1) during each cruise (Fig. 5.9). 
Of these samples, the majority had a corresponding 210Pot/210Pbt AR < 1 at the same station 
and depth. For samples with both 210Pop/210Pbp AR < 1 and 210Pot/210Pbt AR < 1, we propose 
two possibilities and either or both may apply to a specific scenario: (1) the deficit of total 
210Po relative to 210Pb activity may not be due to particle export; (2) the particles collected 




There were 18 samples with both 210Pop/210Pbp AR < 1 and 210Pot/210Pbt AR < 1 from 
the upper 400 m water column of all three cruises. Of these, only 2 samples were from the 
GP16 transect while the other 16 samples were from GA03 and GA01 in the North Atlantic. 
As discussed in Sect. 5.3.1, it is possible to create a 210Po deficit in the total fraction of 
surface waters due to an input of elevated 210Pb activity from atmospheric deposition. We 
found that 5 out of the 18 samples from GA03 and GA01 might be in this category because 
their 210Pb/226Ra ratio was greater than 1.5. The other 13 samples were subjected to much 
less atmospheric deposition, and so it is likely particle export created the 210Po activity 
deficit in the seawater. The particles collected from the same depth as these seawater 
samples, however, were found to be depleted in 210Po activity (210Pop/210Pbp AR < 1). This 
suggests that the particles collected were unlikely the ones responsible for the deficit of 
total 210Po activity.  
Because the deficit of 210Po to 210Pb activity integrates the export flux over 
timescales of months, the characteristics of the particles driving the flux likely change 
during that time. Indeed, particulate 210Po activity would trend towards secular equilibrium 
with time (210Pop/210Pbp AR = 1) regardless of whether the initial 210Pop/210Pbp AR is greater 
than unity or not. In addition, biogeochemical processes (e.g., remineralization, respiration, 
oxidation) could lower the 210Pop/210Pbp AR in the particles, as these processes tend to 
preferentially release 210Po activity from the particulate to dissolved phase (e.g., Stewart et 
al., 2008). Such an effect would be amplified with time, leading to an even lower 
210Pop/210Pbp AR (Tang et al., 2018). As a result, the collected particles with 210Pop/210Pbp 
AR < 1 may have compositional and sinking rate characteristics unlike the “average” 




time. The only way to get an idea of the changes in particles over time would be with 
sediments traps, which were not available on these cruises. The application of 210Po/210Pb 
system to estimate POC flux is not suitable for the depths where the particulate and total 
210Po/210Pb AR < 1.    
 
Figure 5. 9 The activity ratio of 210Po/210Pb in the particulate fraction (210Pop/210Pbp, red 




(A) GA03, (B) GP16, and (C) GA01 transects. Note that 210Pop/210Pbp values were sorted 
by increasing order while 210Pot/210Pbt were plotted with the corresponding particulate 
value. The black horizontal lines represent the activity ratio of unity. 
5.4 Summary and conclusions 
Dissolved and particulate 210Po and 210Pb activity data taken during three 
GEOTRACES transects across the North Atlantic and the South Pacific provide an 
opportunity to examine the use of the isotope pair as a tracer for particles, specifically POC, 
sinking from the surface ocean. The first step in the technique is to calculate the deviation 
from secular equilibrium. Then use a simple SS model to calculate the export of 210Po from 
the system, with the assumption that it is only removed via sinking particles. When we 
tried this approach with the data from GA03, GP16, and GA01, we noticed that the SS 
210Po flux patterns were not always consistent with expectations; for example, the export 
was lower at basin margins than in the center of the subtropical gyres despite the knowledge 
that there are many more sinking particles near the coasts.  
We hypothesized that the model was flawed. In some cases, for example near the 
coast of Africa, the apparent 210Po activity deficit could be caused by the addition of 210Pb 
activity via atmospheric deposition. In other cases, for example near the Peruvian Coast 
and Greenland Shelf, upwelling and downwelling of water masses with variable 210Po/210Pb 
activity may generate fluxes of 210Po activity of the same magnitude or larger than the flux 





We examined the time-series (7 months before sampling) NPP and phytoplankton 
community structure data from each cruise to assess the potential non-steady state effects. 
The large ranges of NPP at most of the margin stations indicate that significant blooms 
may have occurred during these time periods. Therefore, the SS model may have 
underestimated the export flux of 210Po activity. The SS assumption at the open ocean 
stations along GA03 and GP16, on the other hand, appears to be valid as demonstrated by 
little change in NPP. Temporal changes in phytoplankton community structure were also 
observed at a few stations in each transect. The particular NSS effects associated with the 
dynamics of the plankton community need to be studied further to increase our 
understanding of the ecological linkages between community composition and 
radionuclide partitioning. 
After the 210Po activity flux is calculated, one must convert the flux from polonium 
to carbon. Analysis of the partitioning coefficient and phytoplankton community structure 
illustrated the importance of small particles in the scavenging of radionuclides and 
potentially in carbon export. Based on this analysis we recommend that small particles 
should be sampled along with the large particles to establish the correct ratio of POC/210Po. 
Using the ratio on small cells or the average of all of the particles will provide a lower limit 
of POC export flux estimations.  
Finally, there were some depths where both the particulate and seawater samples 
were depleted in 210Po activity relative to 210Pb activity (210Po/210Pb < 1). This observation 
contradicts the conceptual 210Po flux model, which assumes that 210Po activity is more 




observation deserves more attention, we propose that the particles collected may not be the 
ones responsible for the deficit of total 210Po activity, and we suggest that the simple SS 
model of the 210Po/210Pb isotope pair should not be applied at these locations.   
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6.1 General conclusions 
The goal of this thesis was to examine and improve the existing 210Po/210Pb method 
to quantify particle export from the upper ocean. The approach began with a study of the 
particle associations of both isotopes, and observations of how they would fractionate 
during specific biogeochemical processes. The second part of the approach was to improve 
our understanding of how certain invalid assumptions may bias the particle export 
estimates when applying the traditional 210Po/210Pb models. The contributions of each 
chapter to the overarching goal of the thesis are summarized below, and future work and 
recommendations are outlined.  
6.1.1 Particle association of 210Po and 210Pb in the subtropical North Atlantic 
In Chapter 2, the influence of particle concentration and composition on the 
fractionation of 210Po and 210Pb activity in the subtropical North Atlantic was investigated. 
We observed an overall inverse relationship between partition coefficients (Kd) for 210Po 
and 210Pb and the concentration of suspended particulate matter. These relationships, 
however, differed between the margins and open ocean, suggesting that the available 
sorption sites for 210Po and 210Pb for a given particle concentration may not be constant 
throughout the ocean. Particle size, composition, age, and origin are equally if not more 
important in predicting the sorption of the isotopes. Indeed, particle composition and its 
drivers are different at these two oceanic settings, with a more homogenous particle 
composition in the open ocean and a more heterogeneous particle composition at the 




Certain particulate composition fractions were more strongly associated with either 
polonium or lead. We observed strong relationships between 210Po activity and both CaCO3 
and POC, as well as between 210Pb activity and both opal and lithogenic material. 
Specifically, a 1% increase in %opal reduced the fractionation factor between 210Po and 
210Pb by 0.7%, whereas a 1% increase in %POC increased the fractionation factor by 0.8%. 
However, when both %opal and %POC were included in a model, %opal had a larger 
negative impact and %POC had a smaller positive impact on the fractionation. The 
particles near the margins, where siliceous plankton dominated the phytoplankton 
community, had higher %opal than those in the subtropical gyre where non-siliceous 
organisms dominated the community. This could cause a smaller fractionation between 
210Po and 210Pb activity in the particles from the margins, which could further result in a 
smaller 210Po activity deficit in the water column. These results may partially explain why 
the 210Po deficit was smaller at the margins than in the subtropical gyre at our study sites 
(Rigaud et al., 2015).  
Also in this chapter, a six-end member particle composition (POM, CaCO3, opal, 
lithogenic material, Fe(OH)3, MnO2) model was first developed to estimate partition 
coefficients for 210Po and 210Pb. We found that the model could accurately predict the 
scavenging of 210Pb activity but could not predict the scavenging of 210Po with as much 
accuracy, indicating that the model was missing some important scavenging agent (i.e., 
sulfur, protein) or process (i.e., absorb, bioaccumulate) for 210Po, possibly because of the 
bio-reactive nature of 210Po. The well documented bio-reactive behavior of 210Po and its 
association with sulfur, along with the end-member model results in this work all suggest 




between 210Po and apparent oxygen utilization (AOU) than between 210Pb and AOU also 
supports this conclusion, indicating that biogeochemical processes (e.g., respiration, 
remineralization, oxidation) affect the cycling of 210Po more than that of 210Pb.   
6.1.2 Relating particulate 210Po/210Pb activity ratio to biogeochemical processes in 
the subpolar North Atlantic  
In Chapter 3, we showed vertical distributions of total and size-fractionated 
particulate 210Po and 210Pb activity in the water column of the subpolar North Atlantic in 
May-June 2014. We discovered that 13 out of 56 total particle samples from various depths 
were depleted in 210Po relative to 210Pb (particulate 210Po/210Pb activity ratio (AR) < 1). For 
these 13 samples, when the time since the last bloom began was relatively short (25 – 47 
days), the samples were collected in the shallow waters (10 – 60 m). In contrast, when more 
time (50 – 74 days) had passed since the last bloom, the depths at which samples had 
particulate 210Po/210Pb AR <1 were found to be much deeper (120 – 500 m). These results 
indicated that post-bloom particles could be recycled in shallow waters for weeks and take 
weeks to months to sink to deeper waters.  
The average particulate 210Po/210Pb AR within the upper 200 m water column from 
our study sites was then put into a global context with the results reported by 20 previous 
studies. We observed a distinct trend of depletion of relative 210Po activity in marine 
particles from the shallow seas of the high latitude Northern Hemisphere. For those 
particles that were collected near the shelf, terrestrial origin/riverine input of particles with 




also result in lowering the particulate AR, including remineralized material, fecal pellets, 
and sea ice sediments (Roca-Martí et al., 2018).  
An investigation on the historic samples where AOU was calculated at the same 
depth and time as the particulate 210Po/210Pb AR revealed the nature of the particles and the 
forces of remineralization and radionuclide decay from particles as they age. While the 
observation of particulate 210Po/210Pb AR > 1 with AOU < 25 µmol kg-1 may suggest 
relatively fresh or organic particles in young water masses, refractory or lithogenic particles 
may be suggested by the observation of particulate 210Po/210Pb AR < 1 with AOU > 25 
µmol kg-1. In addition, an increase in AOU due to either water mass aging or higher oxygen 
utilization rate (AOUR) would decrease the 210Po/210Pb AR for the particles with the AR > 
1 and increase the 210Po/210Pb AR for the particles with the AR < 1. But the former change 
was found to be much faster than the latter, probably because the AR in the fresh or organic 
particles was controlled mainly by biogeochemical processes (e.g., respiration, 
remineralization, oxidation) while the AR in the refractory or lithogenic particles was 
controlled mainly by radionuclide decay. 
In light of these results, we suggested that not only particle concentration and 
composition could impact the fractionation between 210Po and 210Pb, as discussed in 
Chapter 2, but biogeochemical processes (e.g., respiration, remineralization, oxidation) and 




6.1.3 Particle export in the subpolar North Atlantic 
Particle export flux at four site-specific integration depths, presented in Chapter 4, 
has implications for the 210Po/210Pb pair methodology and the link between phytoplankton 
community and carbon export in the subpolar North Atlantic. The sampling of 210Po and 
210Pb with good depth resolution allowed us to evaluate the influence of vertical advection 
on 210Po export. Because the inventory of 210Po in the water column represents an 
integration of changes over months we did not use the vertical velocity measured at the 
sampling time, but a 1-month averaged vertical velocity from the ECCO2 model 
(Estimating the Circulation and Climate of the Ocean, Phase II). Similar time-averaged 
horizontal and vertical velocities from an ocean general circulation model had been used 
in a regional 3-D 234Th flux model during the JGOFS EqPac program (Buesseler et al., 
1995). The vertical velocity field was highly variable with time, which is reflected by the 
substantial variance of the 1-month averaged vertical velocity, confirming that it was 
inappropriate to use the velocity measured during the short period of sampling time at our 
study sites. Despite large uncertainties, the scale of 210Po export fluxes due to vertical 
advection was of the same magnitude as the steady-state fluxes calculated from the 210Po 
deficit alone. Vertical advection was particularly important in the Iberian Basin and at the 
Greenland Shelf.  
 Non-steady-state (NSS) effects on 210Po export flux associated with site-specific 
bloom events during the cruise were also discussed in this chapter. The large range of net 
primary production over the 2 months prior to sampling indicated the occurrence of blooms, 




a bloom could decrease the 210Po activity in the upper waters prior to sampling, and thus 
the steady-state (SS) model may have underestimated the true 210Po flux. In addition, 
phytoplankton community composition was also under NSS conditions in the Iberian and 
Western European Basins.  
The POC export strength and efficiency varied spatially, ranging from negligible 
to 10 mmol C m-2 d-1 and from negligible to 13% respectively, with high export efficiency 
in the basins where diatoms dominated the phytoplankton community. The 210Po-derived 
POC export fluxes were compared to the 234Th-derived POC export fluxes. They agreed 
within a factor of 3 across our study region, with generally higher POC estimates from the 
234Th method. Because POC flux was calculated as the product of the radionuclide export 
flux and the POC/radionuclide ratio, we compared first the 210Po flux to the 234Th flux and 
then the POC/210Po ratio to the POC/234Th ratio directly. The latter had very similar spatial 
trends along the transect. The discrepancy between the 210Po-derived POC export fluxes 
and the 234Th-derived POC export fluxes was therefore driven by the discrepancy between 
the estimates of 210Po and 234Th fluxes themselves. Specifically, 234Th flux in the eastern 
section (Iberian-Western European-Iceland Basins) was significantly larger than it was in 
the western section (Irminger-Labrador Basins), whereas no statistical difference was seen 
in the 210Po fluxes between the two sections. This was most likely due to the fact that the 
210Po deficit tends to smooth out episodic events due to integration over a longer time 
period. Therefore, the specific stage of bloom shortly prior to the sampling seemed to have 
a smaller influence on the 210Po-derived than the 234Th-derived export flux in the subpolar 




Prior studies of POC export by means of 210Po/210Pb and 234Th/238U disequilibria 
had only compared the 210Po-derived and 234Th-derived POC export fluxes themselves. 
With this work, we compared the radionuclide fluxes and POC/radionuclide ratios on their 
own. The different trends between 210Po flux and 234Th flux could be driven by their 
different half-lives, whereas the different trends between POC/210Po and POC/234Th could 
be associated with their different relationships to water column characteristics and plankton 
ecological dynamics. Better understanding of how and why the trends in radionuclide 
fluxes and POC/radionuclide ratios differ at study sites is important for understanding the 
difference in POC export flux estimated by the 210Po/210Pb and 234Th/238U pairs. 
6.1.4 Assumptions validation for the traditional SS 210Po/210Pb model   
With the 3 transects of 210Po and 210Pb activity data across the North Atlantic and 
South Pacific, the spatial information on the SS 210Po flux has shown some patterns that 
were not always consistent with expectations. In Chapter 5 we hypothesized that the 
traditional SS model was flawed and evaluated the assumptions of steady-state conditions, 
negligible physical transport and atmospheric deposition, and negligible small particles’ 
role in export under various oceanic settings.  
We used the time-series NPP and phytoplankton community structure data for each 
transect to assess the potential NSS effects. The large ranges of NPP at most of the margin 
stations indicated that significant blooms may have occurred prior to or during the sampling. 
The SS approach may therefore introduce a bias in the export estimation. In the open ocean 




Temporal changes in phytoplankton community structure were also observed at a few 
stations in each transect. The particular NSS effects associated with the dynamics of the 
plankton community need to be studied further to expand our knowledge of the ecological 
linkages between community composition and radionuclide partitioning.  
The counter-intuitive lower export at basin margins compared to export in the 
center of the subtropical gyres could be caused by the addition of 210Pb activity via 
atmospheric deposition. With the 210Pb/226Ra activity ratio, we can gain qualitative 
information of atmospheric deposition of 210Pb activity. However, we need a technique that 
can differentiate the 210Po deficit that is created by particle export from the 210Po deficit 
that is created by the large addition of atmospheric 210Pb activity. This is specifically 
important for regions under strong influence of atmospheric deposition where the 210Po 
deficit could be significantly overestimated.     
In Chapter 5 the influence of vertical advection on particle export was evaluated 
and ranged from relatively unimportant to dominant depending on the study site. Near the 
Peruvian Coast and Greenland Shelf, for instance, upwelling has generated export fluxes 
of the same magnitude or larger than the fluxes estimated in the models without considering 
advection. For future studies in regions of established upwelling or ocean margins, we 
suggest designing the sampling plan to improve the resolution of both the horizontal and 
vertical distribution of 210Po and 210Pb activity. Thus, physical advection could be 





We then demonstrated the important role of small particles in the scavenging of 
radionuclides and potentially in carbon export. This led to the recommendation that small 
particles should be sampled along with large particles to establish the correct ratio of 
POC/210Po. Using the ratio on small particles or the average of all of the particles may 
provide a lower limit of POC export flux estimations.  
We also reported some depths at which both the particulate and seawater samples 
were depleted in 210Po activity relative to 210Pb activity. This observation contradicts the 
conceptual SS 210Po flux model, which assumes that 210Po activity is more effectively 
removed from the surface ocean via particles than 210Pb activity. While this observation 
deserves more attention, we proposed that the particles collected may represent particles 
that have entered the depth more recently or from another location and may not be the ones 
responsible for the 210Po deficit at that same depth in the water column. When the particle 
composition changes with time, the POC/210Po ratio on those particles may also change. 
Using the ratio on the particles that are not responsible for the 210Po deficit could lead to a 
bias when converting 210Po flux to POC flux. We therefore suggest that the simple SS 
model of the 210Po/210Pb pair to determine POC export flux should not be applied at these 
locations. 
6.2 Intellectual merit 
With the aim to improve the existing 210Po/210Pb method to calculate particle export, 
this thesis first investigated how the particle concentration and composition, and specific 




The thesis then used the data from two transects in the North Atlantic and one transect in 
the South Pacific to challenge the assumptions of the simplified SS 210Po export model.   
In the GA03 transect across the North Atlantic, the relationships between seawater 
distributions of 210Po and 210Pb activity, particle concentration, and particle composition 
were investigated. The relationships between these parameters differed between the 
margins and open ocean, along with the more complicated relationship between 210Po and 
marine particles. In the subpolar North Atlantic across the GA01 transect, we examined the 
relationship between the particulate 210Po/210Pb AR and biogeochemical processes. Two 
distinct relationships suggested the source of the particles and the main biogeochemical 
processes were governing the particulate 210Po/210Pb AR. The results from the GA03 and 
GA01 transects in the North Atlantic provided important insights into the proxy 
interpretation of 210Po/210Pb activity ratios in the ocean.  
Combining the distribution of the 210Po and 210Pb activity across the GA03 and 
GA01 transects in the North Atlantic with that in the Pacific across the GP16 transect, we 
explored how certain invalid assumptions may bias the particle export estimates when 
applying the traditional 210Po export model. The results provide a basis for future efforts to 
improve the application of the 210Po/210Pb disequilibrium to estimate particle export from 
the upper ocean. For instance, there is an urgent need to develop a method to remove the 
contribution of atmospheric 210Pb input to the upper water 210Po activity deficit. The results 
also pointed out the necessity to include vertical advection into the export model in regions 




6.3 Unanswered questions and future research directions  
Outstanding questions regarding the end-member mixing model, the relationship 
between particulate 210Po/210Pb activity ratio and AOU, NSS effects, and atmospheric 
deposition of 210Pb activity are summarized below. Future research directions are also 
suggested.  
6.3.1 End-member mixing model 
Many questions remain to be answered about the findings from the end-member 
mixing model discussed in Chapter 2. For example, the model is missing some important 
scavenging agent or process for 210Po. We need laboratory studies to examine this further 
and sulfur could be tested first as a candidate for the missing end-member. The contribution 
of the tested end-members to the predicted Kd differed between the margins and open ocean, 
indicating that each compositional component was not chemically identical in these regions 
and that Kd was affected by more than particle composition alone. Recent work on the 
kinetics of thorium scavenging has suggested a dependency of the loss of thorium from the 
particle phase on particle concentration in the North Atlantic (Lerner et al., 2017). It is 
unclear whether this would also apply to 210Po and 210Pb and more studies are needed to 
investigate this topic. But if such dependency does exist for 210Po and 210Pb, the 
contribution of the same particle composition for the isotopes could differ between the two 
oceanic settings along the GA03 transect because the particle concentration near all the 




6.3.2 Relationship between particulate 210Po/210Pb AR and AOU 
In Chapter 3, we observed two distinct relationships between particulate 210Po/210Pb 
AR and AOU in the high-latitude North Atlantic and Arctic, where particulate 210Po/210Pb 
AR was observed to be generally lower than those in other oceanic regions. In the Antarctic 
Ocean, however, there is no apparent relationship between particulate 210Po/210Pb AR and 
AOU. It is unknown why the relationship seemed to be a regional rather than a global 
phenomenon in the world’s ocean. It is also unclear why the negative and positive 
relationships separated at AOU = 25 µmol kg-1 in the high-latitude North Atlantic and 
Arctic. Does the AOU of 25 µmol kg-1 have some specific implications in biogeochemical 
processes? Will there be a two-phase relationship between AR and AOU in other oceanic 
settings, and if so, will they be separated by different values of AOU? More studies on 
these specific questions should be performed at different depth intervals and in different 
oceanic regimes in the future. 
6.3.3 NSS effects 
NSS conditions were suggested at the margin stations along the three transects by 
the temporal variations of NPP. Changes in the phytoplankton community composition at 
few stations also indicated the system was not under SS conditions. Significant differences 
in 210Po and 210Pb partitioning and organic compositions could exist among different 
phytoplankton groups (Lin et al., 2017). For example, siliceous frustule-embedded 
biopolymers in diatoms and excreted exopolymeric substances were found to preferentially 




Tang et al., 2017). Further, 210Po tends to bind to coccolithophore-associated proteins while 
210Pb may be incorporated into the coccosphere during the growth of the cells (Lin et al., 
2017). The particular NSS effects associated with the dynamics of phytoplankton 
composition need to be further studied to complete our understanding of the ecological 
linkages between phytoplankton composition and radionuclide partitioning.  
In practice, reoccupying the sampling stations at time intervals near the half-life of 
210Po could enable to apply the non-steady state model developed by Savoye et al. (2006) 
to estimate NSS 210Po export flux. When multiplying 210Po export flux by POC/210Po ratio 
to obtain POC export flux, one should also consider the NSS effects on the POC/210Po ratio. 
In Chapter 3, we observed that it takes weeks to months for the post-bloom particles to sink 
from the surface ocean to depth along the GA01 transect. During such time periods, 
particles’ physical structure and chemical composition may have undergone significant 
changes, which could lead to temporal variability in the POC/210Po ratio. In fact, the 
vertical profiles of POC/210Po ratios (power-law regression between POC/210Po and depth) 
actually suggested the particle composition was at NSS as the particles sinks. How can we 
obtain the NSS POC/210Po ratio in order to estimate NSS POC export flux by multiplying 
by the NSS 210Po export flux? Do we need to establish some mass balance model, or can 
we simply use the average of the POC/210Po ratios at the two visits to get a closer value to 
the true NSS POC/210Po ratio? Future studies and methods should consider this when 




6.3.4 Atmospheric deposition of 210Pb activity 
We showed that the increased input of 210Pb activity via atmospheric deposition 
that is depleted in 210Po activity contributed to the large 210Po deficit in the center of the 
subtropical gyres in the North Atlantic and South Pacific. In fact, a similar hypothesis has 
been proposed to explain an unusually large deficiency of 210Po activity in the oligotrophic 
Philippine Sea by Nozaki et al. (1990). Decades later, there is still no technique by which 
the 210Po deficit that is created by particle export can be differentiated from the 210Po deficit 
that is created by the large addition of atmospheric 210Pb activity. One may use the 
210Pb/226Ra activity ratio to assess the impact of the atmospheric addition of 210Pb activity 
qualitatively. But this has to be examined quantitatively in order to accurately estimate 
210Po export flux in the regions with strong influences of atmospheric deposition of 210Pb 
activity. More investigation into this topic should be performed in future studies and 
methods.   
6.3.5 Nozaki et al. (1997) vs. Kim (2001) 
During the GA03 and GP16 transects, the 1-D SS 210Po fluxes appeared consistent 
with the trends reported by Kim (2001) where the 210Po export flux was lower in euphotic 
areas of the ocean (e.g., Mauritanian shelf, Peruvian Upwelling system) than in more 
oligotrophic areas (subtropical gyres). We interpreted this observation at out study sites as 
possibly due to (1) large atmospheric inputs of particles and rain with high 210Pb/210Po AR 
in the gyres, (2) siliceous phytoplankton, which were the dominant phytoplankton 




of negligible vertical advection (i.e., upwelling) leads to potential significant 
underestimation of 210Po export flux at margins, and (4) the assumption of steady state is 
not valid and leads to biases in the calculations of 210Po export flux at margins. In Kim 
2001, the large deficiencies of 210Po in the oligotrophic environments were attributed to 
biological removal of 210Po activity from the total pool by cyanobacteria and subsequent 
transfer to nekton via grazing. We offer alternative hypothesis for the observation of larger 
210Po deficits and fluxes in the oligotrophic ocean (i.e., Sargasso Sea, Philippine Sea) than 
that in the eutrophic ocean (i.e., New England Bight, Arabian Sea) reported in Kim (2001). 
The large 210Po deficit and flux in the Sargasso Sea, for example, could be due to the 
atmospheric addition of 210Pb activity via dust transported from North Africa, introducing 
a source of 210Pb with a relative 210Po deficit. However, compared to the attention on the 
large 210Po deficit in the oligotrophic oceans by the author, the smaller 210Po deficits in 
more eutrophic oceans were overlooked. There, the assumptions of the traditional 210Po 
export model may lead to underestimation of the flux. For example, assuming steady state 
and negligible advection and diffusion may not be valid in the Arabian Sea where the true 
210Po export flux could be significantly higher than the 1-D SS 210Po export flux model 
predicts.  
Nozaki (1997) found a positive relationship between the removal rate constant and 
chlorophyll-a concentration. This means that the removal flux of 210Po would be expected 
to increase with increase in the abundance of phytoplankton.   
This dissertation has been motivated by the discrepancy between the Nozaki (1997) 




calculations. The results from our study were more consistent with the Kim relationship. 
The results presented here also offer alterative explanations for the trend of lower 210Po 
export flux in more oligotrophic oceans than that in more eutrophic oceans. But without a 
technique to differentiate the 210Po deficit that is created by particle export from the 210Po 
deficit that is created by the addition of atmospheric 210Pb activity or the influence of 
vertical advection and NSS conditions, many questions still remain about the discrepancy 











Figure A. 1 Comparison of the suspended particulate matter (SPM, µg L-1) concentration 
vs. transmission (%). Note that high transmission indicates low particle concentration in 











Table B. 1 The comparison between the GEOVIDE data and historical database and publications. The location, date, type of data (PRA: 
particulate radionuclide activity; HP: hydrological parameter), and database or publication were listed. The relationship between 







Arctic (ARK-XXII/2) Jul-Sep 07 PRA https://doi.pangaea.de/10.1594/PANGAEA.763937 
HP https://doi.pangaea.de/10.1594/PANGAEA.763451 
Chukchi Shelf Jul-Sep 10 PRA (He et al., 2015) 
CESAR ice station Apr-May 83 PRA (Moore and Smith, 1986) 
North 
Atlantic 
N. Atlantic (F.S. Meteor) Nov-Dec, 73 PRA https://doi.pangaea.de/10.1594/PANGAEA.604014 
Labrador Sea (R/V Knorr) Jun, 75 PRA (Bacon et al., 1980b) 
N. Atlantic (BOFS) May-Jun 89, 90  PRA https://doi.pangaea.de/10.1594/PANGAEA.859221 
HP https://doi.pangaea.de/10.1594/PANGAEA.859221 
BATS Oct, 96 PRA (Kim and Church, 2001) 
N. Atlantic (GA03) Oct-Nov 10, Nov-Dec 
11 




N.  Atlantic (GA01) May-Jun 14 













Table B. 1 (continued) 
South 
Atlantic 
SE Atlantic May-Jun 96 PRA (Sarin et al., 1999) 
Pacific 
Equa. Pacific Aug-Sept 92 PRA (Murray et al., 2005) 
Equa. and W. Pacific 
(FR05/92) 
Jul, 92 PRA https://doi.org/10.1594/PANGAEA.104707 
Equa. and W. Pacific 
(FR07/97) 
Aug, 97 PRA (Peck and Smith, 2002) 
Equa. and W. Pacific 
(FR08/93) 
Nov, 93 PRA https://doi.org/10.1594/PANGAEA.808075 
N. Pacific, Aleutian Basin  Jul-Aug 08 PRA (Hu et al., 2014) 




Oct-Nov 92 PRA https://doi.pangaea.de/10.1594/PANGAEA.52064 
Southern Ocean (ANT-
XXIV/3) 
Feb - Apr 08 PRA https://doi.pangaea.de/10.1594/PANGAEA.763970 
Bellingshausen Sea Nov-Dec 92 PRA (Shimmield et al., 1995) 
Margin Sea 
South China Sea (SEATS) Jan-Oct 07, May 08 PRA (Wei et al., 2014) 
Western Taiwan (ORII-
1432) 
Apr, 07 PRA (Wei et al., 2012) 
Yellow Sea Feb, 93 PRA (Hong et al., 1999) 













Table B. 2 The activities of 210Po and 210Pb in the total (210Pot, 
210Pbt), small-size (
210Pos, 
210Pbs), and large-size (
210Pol, 
210Pbl) fractions, 
and the concentrations of suspended particulate matter in the small-size (SPMs) and total particulate fractions (SPMp) along the 
GEOTRACES North Atlantic GA01 transect. 







210Pbl ± SPMs SPMp 
  m dpm 100L-1 dpm 100L-1     dpm 100L-1 dpm 100L-1 dpm 100L-1 dpm 100L-1 µg L-1 
1 5 5.53 0.47 7.36 0.54 0.8 0.1                 
1 15 6.44 0.55 7.10 0.53 0.9 0.1                 
1 30         0.95 0.10 0.51 0.07 0.16 0.02 0.03 0.02 60.9 78.5 
1 40 8.35 0.70 8.30 0.68 1.0 0.1                 
1 50 10.10 0.76 10.05 0.81 1.0 0.1                 
1 75 12.01 0.97 10.36 0.87 1.2 0.1                 
1 80         0.12 0.02 0.09 0.01 0.03 0.01 0.06 0.01 12.6 23.3 
1 100 12.04 0.84 10.13 0.84 1.2 0.1                 
1 120         0.53 0.06 0.68 0.05 0.05 0.01 0.11 0.01 13.0 17.5 
1 150 12.21 1.00 11.60 0.91 1.1 0.1                 
1 250 11.71 1.02 9.32 0.78 1.3 0.2 0.66 0.07 0.89 0.07 0.11 0.01 0.21 0.01 23.2 28.3 
1 400 11.99 1.04 9.30 0.75 1.3 0.2                 
1 500 9.78 0.85 8.89 0.80 1.1 0.1                 
1 550         0.54 0.04 0.56 0.04 0.07 0.01 0.06 0.01 24.2 32.4 
1 800 8.83 0.70 6.51 0.50 1.4 0.2 0.19 0.03 0.11 0.02 0.13 0.01 0.11 0.01 19.0 22.7 
1 1050 7.80 0.61 5.15 0.51 1.5 0.2 0.85 0.06 0.51 0.04           
1 1400 7.14 0.58 5.88 0.55 1.2 0.2                 








Table B. 2 (continued) 
1 2250 4.59 0.40 4.14 0.33 1.1 0.1                 
1 2500         0.29 0.03 0.43 0.03           
1 3000 16.38 1.28 13.67 1.11 1.2 0.1                 
1 3465 10.53 0.90 9.64 0.73 1.1 0.1                     
13 5 10.19 0.89 10.97 0.92 0.9 0.1                 
13 15 9.38 0.86 12.01 1.02 0.8 0.1       0.27 0.03 0.55 0.05     
13 30 9.32 0.79 11.34 0.94 0.8 0.1             51.2 58.9 
13 40 8.45 0.72 11.86 0.95 0.7 0.1                 
13 50 11.26 0.90 11.45 0.87 1.0 0.1                 
13 60         0.75 0.07 0.85 0.08 0.09 0.01 0.14 0.02     
13 80 12.08 0.97 11.30 0.86 1.1 0.1 0.66 0.15 0.49 0.04 0.04 0.03 0.04 0.01 33.2 36.0 
13 100 12.20 0.86 11.78 0.99 1.0 0.1 0.57 0.05 0.47 0.04 0.06 0.01 0.07 0.01     
13 120 13.31 1.01 12.05 0.90 1.1 0.1             1.9 5.0 
13 150 13.71 1.07 10.89 0.91 1.3 0.1                 
13 200         0.47 0.04 0.39 0.03 0.05 0.01 0.07 0.01     
13 250 14.54 1.01 9.89 0.85 1.5 0.2             19.3 22.1 
13 300 14.15 0.79 4.44 0.38 3.2 0.3                 
13 400 6.89 0.59 9.42 0.69 0.7 0.1                 
13 450 9.50 0.79 9.27 0.72 1.0 0.1 0.36 0.03 0.32 0.03 0.05 0.01 0.05 0.00 25.9 26.7 
13 650 11.54 0.98 7.68 0.83 1.5 0.2                 
13 800               0.08 0.01 0.03 0.00     








Table B. 2 (continued) 
13 1200 8.35 0.71 6.97 0.67 1.2 0.2                 
13 1500         1.07 0.08 0.51 0.04           
13 2250 6.82 0.57 6.09 0.47 1.1 0.1                 
13 2700         1.19 0.08 0.54 0.04           
13 4000 14.01 1.04 8.94 0.81 1.6 0.2                 
13 5150 12.42 0.98 10.87 0.92 1.1 0.1                 
13 5405 13.78 0.93 8.75 0.67 1.6 0.2                 
21 5 9.88 0.78 10.17 0.78 1.0 0.1                 
21 15 11.67 0.95 8.59 0.80 1.4 0.2         0.23 0.13 0.89 0.07     
21 30 8.62 0.61 11.02 0.87 0.8 0.1 0.74 0.06 0.45 0.04 0.04 0.01 0.05 0.01     
21 40 9.70 0.69 10.32 0.83 0.9 0.1                 
21 60 8.96 0.78 11.99 0.96 0.7 0.1             99.3 142.2 
21 80 12.16 0.93 10.38 0.92 1.2 0.1 0.65 0.05 0.49 0.04 0.04 0.01 0.03 0.00     
21 100 10.17 0.85 12.30 0.91 0.8 0.1             27.4 36.7 
21 120         0.41 0.05 0.51 0.06 0.05 0.01 0.07 0.01     
21 150 9.83 0.76 10.34 0.86 1.0 0.1                 
21 200 11.02 0.87 10.47 0.88 1.1 0.1             19.4 24.8 
21 250 10.52 0.85 9.93 0.80 1.1 0.1 0.42 0.04 0.39 0.03 0.03 0.01 0.05 0.01     
21 350 11.57 0.74 10.42 0.84 1.1 0.1                 
21 450 12.02 0.70 9.11 0.76 1.3 0.1 0.43 0.04 0.37 0.03 0.04 0.01 0.04 0.00 15.8 18.7 
21 800 9.73 0.75 8.57 0.71 1.1 0.1                 








Table B. 2 (continued) 
21 2500 7.05 0.53 6.37 0.51 1.1 0.1                 
21 3000         1.22 0.08 0.38 0.03           
21 3750 8.06 0.61 7.49 0.62 1.1 0.1                 
21 4435 8.04 0.59 8.15 0.68 1.0 0.1                 
21 4580 9.24 0.64 8.10 0.63 1.1 0.1                     
26 5 8.00 1.25 12.01 1.27 0.7 0.1                 
26 30 9.35 0.92 11.35 1.08 0.8 0.1 1.27 0.24 0.62 0.11 0.83 0.09 0.66 0.06 114.8 205.5 
26 50 8.20 1.25 11.61 2.33 0.7 0.2                 
26 80 6.95 0.66 10.16 0.86 0.7 0.1 0.31 0.05 0.26 0.04 0.30 0.04 0.21 0.02 54.6 88.7 
26 150 9.88 1.14 11.43 1.01 0.9 0.1 0.15 0.05 0.14 0.03 0.10 0.01 0.04 0.01 12.0 25.3 
26 250 8.12 0.87 12.47 1.13 0.7 0.1                 
26 400 11.76 1.19 9.33 0.96 1.3 0.2 0.36 0.09 0.37 0.07 0.08 0.03 0.09 0.02 9.8 12.3 
26 750 9.07 0.76 8.38 0.80 1.1 0.1                 
26 1000 12.45 1.53 10.45 2.08 1.2 0.3 1.14 0.14 0.46 0.05           
26 2023         0.93 0.10 0.52 0.05           
32 5 8.09 0.94 11.95 1.10 0.7 0.1                     
32 15 8.00 0.68 11.08 1.05 0.7 0.1                 
32 30 8.32 0.90 10.47 1.01 0.8 0.1 1.18 0.14 1.03 0.13 0.04 0.02 0.05 0.02 209.4 224.8 
32 40 9.44 0.79 11.13 0.97 0.8 0.1                 
32 60 7.56 0.87 10.41 0.85 0.7 0.1 0.41 0.05 0.34 0.04 0.04 0.01 0.03 0.01 54.6 59.2 
32 80 9.51 0.93 10.58 0.88 0.9 0.1                 








Table B. 2 (continued) 
32 125 9.52 0.86 9.15 0.78 1.0 0.1                 
32 150 9.99 0.91 11.31 0.97 0.9 0.1                 
32 200         0.32 0.03 0.13 0.03 0.03 0.01 0.02 0.01 21.9 24.5 
32 225 7.81 1.18 14.17 1.26 0.6 0.1                 
32 300 8.63 1.26 11.37 3.11 0.8 0.2                 
32 380 9.93 0.95 9.42 0.78 1.1 0.1                 
32 450 7.43 1.09 9.52 1.08 0.8 0.1 0.59 0.06 0.31 0.04 0.07 0.01 0.06 0.01 12.3 13.4 
32 650 8.89 0.85 9.16 0.79 1.0 0.1                 
32 800         0.82 0.10 0.64 0.09 0.12 0.01 0.07 0.01 7.5 11.0 
32 900 7.17 0.97 9.27 0.94 0.8 0.1                 
32 1200 9.90 1.24 11.11 1.14 0.9 0.1                 
32 1481         0.88 0.10 0.45 0.04           
32 1975 7.96 1.00 7.43 2.08 1.1 0.3                 
32 2775 4.24 0.50 4.26 0.50 1.0 0.2                 
32 3050 3.14 0.46 3.12 0.38 1.0 0.2                 
32 3249 3.50 0.43 2.87 0.34 1.2 0.2                     
38 5 11.63 1.37 8.15 0.92 1.4 0.2                 
38 15 11.25 1.86 11.10 1.22 1.0 0.2             210.5 214.0 
38 20         0.88 0.13 0.38 0.07 0.05 0.01 0.03 0.01     
38 30 7.96 1.29 11.52 1.17 0.7 0.1                 
38 40 8.26 1.19 11.44 3.14 0.7 0.2                 








Table B. 2 (continued) 
38 80 10.26 1.40 13.62 1.04 0.8 0.1                 
38 100 10.30 1.60 13.81 3.85 0.7 0.2 0.40 0.04 0.22 0.02 0.08 0.01 0.06 0.01 50.2 50.2 
38 125 11.22 1.09 12.46 1.03 0.9 0.1                 
38 150 11.32 1.05 12.85 1.06 0.9 0.1                 
38 225 11.11 1.52 14.19 3.04 0.8 0.2                 
38 300 8.22 1.06 13.96 1.17 0.6 0.1                 
38 380 13.52 1.83 11.84 1.15 1.1 0.2       0.06 0.01 0.04 0.01     
38 450 9.25 1.24 10.27 1.09 0.9 0.2                 
38 650 10.03 1.14 10.02 1.26 1.0 0.2                 
38 1175 7.99 1.16 8.33 0.76 1.0 0.2                 
38 1342 7.44 1.04 6.66 0.70 1.1 0.2                 
44 5 10.42 1.82 10.81 1.10 1.0 0.2                     
44 15 11.22 1.62 12.03 1.04 0.9 0.2                 
44 25 10.24 1.21 13.36 1.88 0.8 0.1 1.63 0.18 1.13 0.13 0.13 0.03 0.27 0.03     
44 40 9.75 0.91 12.54 1.12 0.8 0.1 0.77 0.09 0.55 0.07 0.01 0.01 0.06 0.01 85.4 102.0 
44 60 9.55 0.85 12.68 1.17 0.8 0.1                 
44 80 10.33 1.07 10.48 1.18 1.0 0.2 4.82 0.46 2.25 0.31 0.34 0.07 0.35 0.06 162.0 172.7 
44 110 9.63 1.24 13.44 3.77 0.7 0.2                 
44 150 8.28 1.18 14.27 2.29 0.6 0.1 0.38 0.05 0.26 0.05 0.03 0.01 0.05 0.01 12.5 14.0 
44 200 12.57 1.14 11.27 1.15 1.1 0.2                 
44 300 11.62 1.21 12.77 1.52 0.9 0.1 0.70 0.10 0.26 0.06 0.09 0.01 0.06 0.01 12.7 13.5 








Table B. 2 (continued) 
44 500         0.69 0.05 0.14 0.02       12.7 8.8 
44 600 9.19 0.98 10.37 0.97 0.9 0.1                 
44 850 9.29 0.94 10.31 0.85 0.9 0.1                 
44 1100 8.98 1.37 10.98 3.09 0.8 0.3                 
44 1136         0.60 0.09 1.38 0.11           
44 1400 6.35 1.03 9.45 2.67 0.7 0.2                 
44 1800 7.81 1.00 7.26 0.94 1.1 0.2                 
44 2250 6.32 0.74 6.00 0.67 1.1 0.2                 
44 2600 2.18 0.37 2.08 0.36 1.1 0.3 0.76 0.12 0.74 0.09           
44 2800 4.54 0.65 6.14 0.78 0.7 0.1 0.89 0.09 1.34 0.10           
44 2945 4.70 0.69 5.35 1.50 0.9 0.3                     
60 4 9.50 1.77 12.72 1.19 0.7 0.2                 
60 8         1.34 0.13 0.33 0.07 0.27 0.04 0.48 0.05 119.5 277.7 
60 20 12.54 1.36 17.08 1.64 0.7 0.1                 
60 40 7.99 1.51 20.02 4.23 0.4 0.1                 
60 60 9.95 1.35 19.31 4.07 0.5 0.1 0.93 0.13 0.45 0.07 0.07 0.01 0.16 0.02 80.8 119.8 
60 80 8.66 1.33 18.25 3.94 0.5 0.1                 
60 100 13.29 1.44 13.53 2.99 1.0 0.2 0.42 0.07 0.24 0.04 0.05 0.01 0.10 0.01 22.5 27.3 
60 120 11.62 1.31 20.60 4.37 0.6 0.1                 
60 150 5.94 0.60 6.15 0.72 1.0 0.1                 
60 180 9.67 0.88 11.33 1.18 0.9 0.1                 








Table B. 2 (continued) 
60 300 8.88 0.85 12.02 1.05 0.7 0.1                 
60 400 8.81 0.84 11.15 1.24 0.8 0.1                 
60 500 4.74 0.58 5.12 0.68 0.9 0.2                 
60 750 8.44 0.88 10.21 0.94 0.8 0.1                 
60 1000 7.16 0.93 8.87 1.19 0.8 0.2                 
60 1200 6.63 0.81 7.21 2.07 0.9 0.3 0.80 0.07 0.77 0.06         8.2 
60 1400 5.38 0.87 9.97 1.62 0.5 0.1                 
60 1563 5.82 0.75 8.20 0.90 0.7 0.1                 
60 1705 5.61 0.73 11.28 2.36 0.5 0.1                 
64 5 5.64 0.82 13.66 1.10 0.4 0.1                     
64 15 9.49 1.33 13.11 1.31 0.7 0.1                 
64 30         0.08 0.01 0.08 0.01 0.06 0.01 0.10 0.01 52.9 145.5 
64 38 8.54 0.91 10.77 3.02 0.8 0.2                 
64 60 8.23 1.20 15.52 3.31 0.5 0.1 0.38 0.06 0.23 0.07 0.05 0.01 0.03 0.01 84.2 93.8 
64 80 10.53 0.99 11.74 1.11 0.9 0.1                 
64 100 8.81 1.26 12.32 3.38 0.7 0.2 0.45 0.05 0.32 0.04 0.08 0.01 0.05 0.01     
64 150 9.71 1.21 14.35 3.94 0.7 0.2 0.18 0.04 0.11 0.04 0.13 0.02 0.11 0.02 15.8 32.2 
64 200 8.92 1.14 13.62 3.75 0.7 0.2                 
64 300 9.84 0.94 11.16 3.09 0.9 0.3                 
64 400 7.80 1.03 9.52 1.07 0.8 0.1 0.78 0.08 0.63 0.08 0.11 0.02 0.11 0.01 14.4 17.1 
64 500 7.54 1.26 16.74 3.43 0.5 0.1                 








Table B. 2 (continued) 
64 900 8.29 1.07 13.50 1.36 0.6 0.1                 
64 1300 6.69 0.69 8.59 0.94 0.8 0.1                 
64 1750 7.57 0.67 6.27 0.56 1.2 0.2                 
64 2070         0.79 0.08 0.74 0.08           
64 2300 4.77 0.53 5.33 0.51 0.9 0.1 0.79 0.07 1.00 0.08           
64 2445 4.22 0.48 4.11 0.46 1.0 0.2 2.58 0.23 2.89 0.21             
69 8 7.54 1.12 9.39 1.00 0.8 0.1                 
69 15 5.48 0.75 11.78 1.08 0.5 0.1                 
69 20         1.19 0.15 1.62 0.17 0.12 0.02 0.46 0.04     
69 30 7.74 0.97 13.10 3.88 0.6 0.2 0.59 0.10 0.86 0.12 0.03 0.01 0.22 0.03 127.6 195.5 
69 40 8.74 1.06 10.22 2.87 0.9 0.3                 
69 50         0.54 0.07 0.47 0.07 0.07 0.01 0.10 0.01     
69 60 10.31 1.08 10.17 0.90 1.0 0.1 2.51 0.19 0.46 0.06 0.03 0.01 0.06 0.01 57.3 67.8 
69 80 10.06 1.05 8.61 2.37 1.2 0.3                 
69 100 9.14 1.03 12.08 1.13 0.8 0.1 0.64 0.06 0.44 0.05 0.08 0.01 0.10 0.01 43.9 53.7 
69 125 8.23 0.97 10.21 2.80 0.8 0.2                 
69 150 8.77 0.87 13.12 1.03 0.7 0.1 0.72 0.07 0.37 0.05 0.06 0.01 0.07 0.01 25.1 31.2 
69 200 8.53 0.95 11.67 3.21 0.7 0.2                 
69 300 8.72 1.05 13.74 3.77 0.6 0.2                 
69 450 8.31 1.30 11.21 3.12 0.7 0.2 1.04 0.09 0.39 0.04 0.11 0.01 0.09 0.01 11.4 14.0 
69 600 11.77 1.23 8.73 0.73 1.3 0.2                 








Table B. 2 (continued) 
69 1000 4.49 0.60 4.04 1.14 1.1 0.3 0.93 0.10 0.48 0.07           
69 1500 7.25 1.14 9.97 1.02 0.7 0.1                 
69 2200 7.65 0.98 6.10 0.79 1.3 0.2                 
66 2500 6.51 0.91 8.88 2.56 0.7 0.2 0.75 0.09 0.49 0.07           
69 3000 2.71 0.86 4.91 1.43 0.6 0.2                 
66 3489 3.25 0.42 2.69 0.78 1.2 0.4 0.65 0.06 0.75 0.08           
69 3639 3.85 0.55 3.22 0.93 1.2 0.4                 
77 5 8.19 1.49 9.46 0.91 0.9 0.2                     
77 10 5.01 1.08 10.21 1.00 0.5 0.1 0.87 0.21 1.57 0.20 0.33 0.05 0.30 0.04 343.4 423.3 
77 20 8.80 1.31 10.06 0.82 0.9 0.1 0.46 0.14 1.37 0.22 0.23 0.03 0.35 0.03     
77 30 6.66 1.50 9.60 2.64 0.7 0.2                 
77 45 7.41 1.54 9.22 2.54 0.8 0.3 0.14 0.03 0.19 0.03           
77 50         0.40 0.10 0.76 0.12 0.04 0.02 0.08 0.02 193.4 207.4 
77 60 6.93 1.28 9.35 0.77 0.7 0.2                 
77 70         0.51 0.07 0.43 0.06 0.11 0.01 0.09 0.01     
77 80 6.72 1.18 9.49 2.67 0.7 0.2 0.46 0.06 0.40 0.05 0.06 0.01 0.04 0.01 67.6 78.5 
77 100 9.05 1.17 9.86 2.70 0.9 0.3                 
77 125 10.03 1.60 10.17 2.79 1.0 0.3                 
77 150 8.39 1.51 9.12 2.51 0.9 0.3 0.77 0.08 0.53 0.05           









Table B. 2 (continued) 
77 300 9.31 1.37 11.04 1.16 0.8 0.2                 
77 400 8.98 1.14 12.48 3.43 0.7 0.2                 
77 460         0.75 0.07 0.47 0.05 0.10 0.01 0.08 0.01 9.0 11.7 
77 500 9.26 1.27 9.09 2.54 1.0 0.3                 
77 650 8.67 1.14 10.73 2.94 0.8 0.2   
  
    
  
      
77 800 9.38 1.16 10.87 2.99 0.9 0.3                 
77 1000 8.02 1.34 9.46 0.97 0.8 0.2                 
77 1250 5.93 1.20 8.63 2.43 0.7 0.2 0.86 0.09 0.52 0.06           
77 1700 6.36 0.96 5.21 1.52 1.2 0.4                 
77 2200 5.76 0.93 6.08 1.75 0.9 0.3                 











Table B. 3 The activities of 210Po and 210Pb in the dissolved (210Pod, 
210Pbd), small-size (
210Pos, 
210Pbs), and large-size (
210Pol, 
210Pbl) 
fractions along the GEOTRACES North Atlantic GA03 transect. 








  m dpm 100L-1 dpm 100L-1     dpm 100L-1 dpm 100L-1 dpm 100L-1 dpm 100L-1 
10-01 32 3.24 0.62 14.34 1.15 0.2 0.0 0.85 0.05 0.78 0.05 0.15 0.01 0.14 0.01 
10-01 92   8.41 0.78   0.45 0.03 0.25 0.02 0.05 0.01 0.07 0.01 
10-01 112 12.51 1.16 6.23 0.63 2.0 0.3 0.32 0.02 0.30 0.02 0.06 0.00 0.06 0.00 
10-01 136 13.76 1.53 10.74 1.11 1.3 0.2            
10-01 186 13.46 1.46 12.40 1.12 1.1 0.2 0.53 0.03 0.20 0.02 0.04 0.00 0.05 0.00 
10-01 235   12.28 1.15   0.54 0.03 0.35 0.03 0.03 0.00 0.05 0.01 
10-01 418 11.13 1.23 9.73 0.85 1.1 0.2 0.85 0.05 0.46 0.04 0.05 0.00 0.05 0.01 
10-01 660 7.36 1.00 12.35 1.16 0.6 0.1 1.09 0.05 0.79 0.05 0.07 0.01 0.16 0.01 
10-01 957 7.81 0.87 8.22 0.79 0.9 0.1 0.92 0.06 0.85 0.05 0.14 0.01 0.21 0.01 
10-01 1187 4.66 0.82 14.60 1.34 0.3 0.1 0.84 0.05 0.78 0.05       
10-01 1484 3.59 0.62 9.89 1.07 0.4 0.1 0.93 0.05 0.85 0.05       
10-01 1781 4.21 0.67 11.26 1.01 0.4 0.1            
10-01 2077 4.60 1.07 22.27 1.89 0.2 0.1 1.19 0.06 0.39 0.03       
10-01 2373 4.70 1.57 19.07 3.60 0.2 0.1            
10-01 2670 3.36 0.87 18.28 1.48 0.2 0.0 0.69 0.03 0.47 0.03       
10-01 2808 2.60 0.72 15.85 1.32 0.2 0.0                 
10-09 30 0.00 0.76 22.09 1.65   0.40 0.02 0.27 0.03 0.24 0.01 0.15 0.01 
10-09 56 0.00 0.43 8.97 0.75   0.32 0.02 0.23 0.02 0.12 0.01 0.06 0.01 








Table B. 3 (continued) 
10-09 138 14.88 1.38 7.12 0.73 2.1 0.3 0.43 0.03 0.44 0.03    0.13 0.01 
10-09 187 10.20 1.18 10.41 0.94 1.0 0.1 0.53 0.03 0.55 0.04 0.08 0.01 0.12 0.01 
10-09 236 9.51 1.08 9.24 0.80 1.0 0.1 0.58 0.03 0.55 0.04 0.08 0.01 0.14 0.01 
10-09 389 8.45 1.07 10.73 0.96 0.8 0.1 0.51 0.03 0.41 0.03 0.09 0.01 0.11 0.01 
10-09 662 9.05 0.98 7.03 0.68 1.3 0.2 0.66 0.03 0.32 0.02 0.07 0.00 0.05 0.00 
10-09 800 
      
0.57 0.03 0.30 0.02 0.06 0.01 0.06 0.00 
10-09 957 5.45 0.77 8.97 0.92 0.6 0.1 0.61 0.03 0.31 0.03 0.06 0.00 0.05 0.00 
10-09 1187 2.31 0.92 11.57 1.50 0.2 0.1 0.44 0.02 0.40 0.03   
  
  
10-09 1532 3.58 0.61 8.58 0.78 0.4 0.1   





      
0.72 0.04 0.41 0.03   
  
  
10-09 2075 5.21 0.65 8.29 0.71 0.6 0.1 0.85 0.04 0.35 0.03   
  
  
10-09 2470 4.33 0.65 8.19 0.71 0.5 0.1 1.13 0.06 0.72 0.04   
  
  
10-09 2864 1.66 0.25 1.74 0.33 1.0 0.2 2.34 0.12 2.64 0.15   
  
  
10-09 3027 2.67 0.31 1.63 0.34 1.6 0.4 1.62 0.10 2.52 0.14         
11-01 30 14.41 1.60 18.60 1.40 0.8 0.1 0.54 0.03 0.35 0.03 0.37 0.02 0.25 0.02 
11-01 59 7.37 0.78 7.11 0.64 1.0 0.1 0.48 0.05 0.99 0.06 0.14 0.01 0.24 0.02 
11-01 90 9.49 1.04 8.88 0.82 1.1 0.2 0.63 0.06 0.92 0.06 0.09 0.01 0.18 0.02 
11-01 111 9.15 0.91 8.80 0.84 1.0 0.1 0.64 0.05 0.85 0.05 0.09 0.01 0.18 0.02 
11-01 135 5.53 0.72 11.27 0.89 0.5 0.1 0.62 0.05 0.81 0.05 0.13 0.01 0.26 0.02 
11-01 186 
      
0.82 0.05 0.72 0.05 0.10 0.01 0.14 0.01 
11-01 236 4.52 0.75 13.30 1.04 0.3 0.1 0.87 0.04 0.42 0.03 0.09 0.01 0.11 0.01 
11-01 420 6.86 0.80 11.28 0.95 0.6 0.1   











Table B. 3 (continued) 
11-01 599   7.15 0.69   0.82 0.04 0.58 0.04 0.09 0.01 0.08 0.01 
11-01 663 6.79 0.76 6.18 0.76 1.1 0.2            
11-01 825 4.93 0.70 9.37 0.85 0.5 0.1 0.77 0.05 0.56 0.04 0.14 0.01 0.20 0.02 
11-01 1147 
   
0.80 
  
0.87 0.05 0.58 0.04 0.14 0.01 0.20 0.02 
11-01 1296.4 








11-01 1500 7.25 0.83 8.38 0.76 0.9 0.1 0.86 0.05 0.63 0.04 0.18 0.01 0.18 0.01 
11-01 1596 
      
0.99 0.06 0.61 0.04 0.21 0.01 0.23 0.02 
11-01 1798 5.64 0.68 8.74 0.80 0.6 0.1   





      
1.10 0.05 0.64 0.04 0.32 0.02 0.21 0.02 
11-01 1998 5.61 0.74 9.27 0.86 0.6 0.1 1.21 0.06 0.77 0.05 0.35 0.02 0.29 0.02 
11-10 1 8.32 1.09 17.39 1.47 0.5 0.1   




11-10 41 6.46 0.95 18.03 1.46 0.4 0.1 1.08 0.05 0.41 0.03 0.11 0.01 0.09 0.01 
11-10 75 7.77 0.91 16.81 1.28 0.5 0.1 1.00 0.05 0.40 0.04 0.09 0.01 0.07 0.01 
11-10 90 7.93 0.73 13.47 1.10 0.6 0.1 0.63 0.04 0.46 0.04 0.07 0.01 0.09 0.01 
11-10 110 14.11 1.36 10.53 0.93 1.3 0.2 0.48 0.04 0.37 0.04 0.11 0.01 0.09 0.01 
11-10 185 9.93 0.92 12.32 0.89 0.8 0.1 0.29 0.03 0.40 0.03 0.04 0.01 0.09 0.01 
11-10 235 
      
0.44 0.03 0.46 0.03 0.05 0.01 0.08 0.01 
11-10 285 10.64 0.92 14.82 1.07 0.7 0.1   





      
0.66 0.04 0.57 0.04 0.09 0.01 0.13 0.01 
11-10 501 10.99 1.12 13.90 1.10 0.8 0.1   




11-10 797 7.10 0.77 9.05 0.72 0.8 0.1 0.77 0.04 0.39 0.03 0.09 0.01 0.06 0.01 
11-10 970 6.11 0.72 8.76 0.78 0.7 0.1   











Table B. 3 (continued) 
11-10 1201       0.77 0.05 0.41 0.03 0.10 0.01 0.07 0.01 
11-10 1497 6.20 0.67 8.00 0.68 0.8 0.1            
11-10 1801       0.99 0.04 0.41 0.03 0.09 0.01 0.05 0.01 
11-10 2096 7.07 0.71 7.12 0.66 1.0 0.1            
11-10 2301       1.11 0.04 0.35 0.03 0.07 0.01 0.04 0.00 
11-10 3006 
      
0.87 0.04 0.29 0.02 0.08 0.01 0.03 0.00 
11-10 3603 
      
0.64 0.03 0.26 0.02 0.09 0.01 0.05 0.01 
11-10 3904 
      
0.78 0.04 0.37 0.03 0.06 0.01 0.04 0.00 
11-10 4447 
      
0.96 0.04 0.63 0.04 0.11 0.01 0.11 0.01 
11-10 4492             1.02 0.05 0.67 0.04 0.12 0.01 0.08 0.01 
11-12 41 6.97 1.10 23.37 1.70 0.3 0.1 2.09 0.08 0.68 0.05 0.12 0.01 0.05 0.01 
11-12 100 10.90 1.22 14.91 1.10 0.7 0.1 0.51 0.03 0.35 0.03 0.06 0.01 0.04 0.00 
11-12 187 10.71 1.12 14.08 1.12 0.8 0.1 0.47 0.03 0.48 0.04 0.04 0.01 0.06 0.01 
11-12 236 9.81 1.04 13.89 1.04 0.7 0.1 0.48 0.03 0.51 0.04 0.06 0.01 0.07 0.01 
11-12 287 9.17 0.92 11.95 0.91 0.8 0.1 0.44 0.04 0.61 0.04 0.07 0.01 0.08 0.01 
11-12 422 9.02 0.99 11.38 0.91 0.8 0.1 0.67 0.04 0.50 0.04 0.06 0.01 0.07 0.01 
11-12 574 
      
0.71 0.04 0.48 0.04 0.10 0.01 0.07 0.01 
11-12 746 5.92 0.68 9.28 0.74 0.6 0.1 0.75 0.03 0.35 0.03 0.07 0.01 0.04 0.00 
11-12 999 6.79 0.76 8.77 0.75 0.8 0.1 0.86 0.04 0.32 0.03 0.07 0.01 0.04 0.00 
11-12 1497 8.49 0.75 4.79 0.48 1.8 0.2 0.70 0.04 0.28 0.03 0.06 0.01 0.03 0.00 
11-12 2101 7.26 0.76 8.71 0.74 0.8 0.1 0.98 0.05 0.35 0.03 0.05 0.01 0.03 0.00 








Table B. 3 (continued) 
11-12 3893 8.60 0.89 11.69 0.91 0.7 0.1 1.21 0.05 0.29 0.02 0.12 0.01 0.05 0.01 
11-12 4689 7.54 0.88 12.24 1.00 0.6 0.1 1.06 0.06 0.25 0.02 0.08 0.01 0.04 0.00 
11-12 5088 7.52 0.95 15.05 1.09 0.5 0.1 1.47 0.07 0.41 0.03 0.21 0.02 0.08 0.01 
11-12 5467 7.69 0.80 10.78 0.87 0.7 0.1 1.82 0.06 0.48 0.03 0.39 0.02 0.13 0.01 
11-12 5604 6.76 0.76 10.50 0.88 0.6 0.1                 
11-16 39 8.89 1.26 22.16 1.80 0.4 0.1 2.88 0.08 0.35 0.03 0.19 0.02 0.07 0.01 
11-16 90 9.59 1.15 17.61 1.34 0.5 0.1 0.91 0.04 0.41 0.03 0.13 0.01 0.06 0.01 
11-20 1059 10.20 0.93 9.79 0.89 1.0 0.1 0.70 0.04 0.25 0.02 0.05 0.01 0.04 0.00 
11-20 2296 9.02 0.99 12.80 1.03 0.7 0.1 1.01 0.06 0.38 0.03 0.07 0.01 0.03 0.00 
11-20 3492 12.67 1.10 10.73 1.05 1.2 0.2 1.40 0.07 0.34 0.03 0.10 0.01 0.04 0.00 
11-20 4687 12.59 1.00 11.05 0.88 1.1 0.1 1.64 0.08 0.33 0.03 0.13 0.01 0.05 0.01 
11-20 5253 10.65 1.09 11.53 1.16 0.9 0.1 2.02 0.10 0.48 0.03 0.18 0.01 0.07 0.01 
11-20 5302 9.85 1.16 15.52 1.26 0.6 0.1 2.17 0.09 0.49 0.04 0.18 0.01 0.07 0.01 
11-20 5351 11.28 0.97 7.70 0.67 1.5 0.2 2.12 0.10 0.85 0.06 0.19 0.01 0.06 0.01 










Table B. 4 The activities of 210Po and 210Pb in the dissolved (210Pod, 
210Pbd), small-size (
210Pos, 
210Pbs), and large-size (
210Pol, 
210Pbl) 
fractions along the GEOTRACES Pacific GP16 transect. 








  m dpm 100L-1 dpm 100L-1     dpm 100L-1 dpm 100L-1 dpm 100L-1 dpm 100L-1 
1 3 4.24 0.43 6.69 0.26 0.63 0.07   
  
  
   
  
1 15 6.15 0.99 8.78 0.34 0.70 0.12 0.92 0.07 0.38 0.06 0.02 0.01 0.00 0.01 
1 35 3.74 0.47 6.22 0.31 0.60 0.08 0.42 0.04 0.24 0.03 0.07 0.01 0.02 0.01 
1 60 7.09 0.56 5.12 0.28 1.38 0.13 0.30 0.02 0.15 0.02 0.10 0.01 0.05 0.00 
1 80 11.02 0.75 7.82 0.33 1.41 0.11   
  
  
   
  
1 180 9.58 0.73 9.92 0.38 0.97 0.08 0.48 0.03 0.24 0.02 0.10 0.01 0.07 0.01 
1 210 10.82 0.76 8.72 0.37 1.24 0.10 0.58 0.03 0.22 0.02 0.09 0.01 0.10 0.01 
1 235 8.54 0.70 8.29 0.31 1.03 0.09 0.51 0.05 0.41 0.05 0.10 0.01 0.07 0.01 
1 300 10.06 0.68 8.16 0.39 1.23 0.10 0.64 0.04 0.18 0.02 0.10 0.01 0.06 0.01 
1 450 10.44 0.77 9.21 0.37 1.13 0.10 0.83 0.04 0.09 0.02 0.07 0.01 0.04 0.00 
1 550 10.47 0.79 10.23 0.41 1.02 0.09 0.81 0.04 0.08 0.01 0.05 0.00 0.01 0.00 
1 800 12.67 0.84 13.14 0.45 0.96 0.07 0.81 0.04 0.11 0.01 0.06 0.01 0.02 0.00 
1 1200 14.45 0.99 13.88 0.48 1.04 0.08 1.34 0.07 0.36 0.03 0.11 0.01 0.02 0.00 
1 1600 16.94 1.16 14.30 0.40 1.18 0.09 1.54 0.07 0.44 0.02 0.09 0.01 0.03 0.00 
1 2400 20.23 1.31 15.29 0.52 1.32 0.10 2.12 0.10 0.86 0.04 0.08 0.01 0.07 0.01 
1 2800 21.79 1.58 21.59 0.91 1.01 0.08 2.22 0.11 1.07 0.04 0.14 0.01 0.08 0.01 
1 3200 22.53 1.30 13.47 0.41 1.67 0.11 1.80 0.08 0.81 0.04 0.31 0.02 0.17 0.01 








Table B. 4 (continued) 
1 4200 7.17 0.64 9.93 0.40 0.72 0.07 2.50 0.11 0.97 0.05 0.67 0.03 0.36 0.02 
1 4800 5.41 0.50 6.14 0.26 0.88 0.09 3.05 0.14 1.55 0.06 0.41 0.02 0.17 0.01 
1 5080 6.63 0.53 5.90 0.25 1.12 0.10 2.98 0.15 1.91 0.07 0.76 0.03 0.38 0.01 
1 5325 10.31 0.65 6.70 0.28 1.54 0.12 2.13 0.11 1.90 0.06 0.72 0.03 0.40 0.02 
1 5400 5.91 0.61 9.14 0.36 0.65 0.07 2.57 0.13 1.80 0.07 0.76 0.03 0.40 0.02 
1 5450 7.39 0.86 12.24 0.51 0.60 0.08 2.64 0.14 1.69 0.09 0.70 0.03 0.44 0.02 
1 5525 6.26 0.52 6.18 0.28 1.01 0.10 3.54 0.12 0.16 0.01 0.65 0.04 0.85 0.04 
4 20 9.84 0.64 5.48 0.23 1.80 0.14 0.53 0.03 0.11 0.02 0.21 0.01 0.04 0.01 
4 48 12.79 0.87 7.11 0.26 1.80 0.14 0.35 0.03 0.29 0.03 0.11 0.01 0.09 0.01 
4 68 10.87 0.71 7.20 0.28 1.51 0.11 0.57 0.04 0.43 0.03 0.12 0.01 0.10 0.01 
4 110 25.84 1.96 24.10 0.93 1.07 0.09 0.60 0.03 0.59 0.04 0.17 0.01 0.15 0.01 
4 200 10.64 0.78 8.13 0.31 1.31 0.11 0.59 0.04 0.38 0.02 0.15 0.01 0.00 0.00 
4 300 9.95 0.70 8.50 0.33 1.17 0.09 0.65 0.04 0.29 0.02 0.10 0.01 0.06 0.01 
4 500 14.85 1.26 15.38 0.65 0.97 0.09 0.65 0.03 0.12 0.01 0.12 0.01 0.03 0.00 
4 675 11.63 0.86 8.78 0.30 1.33 0.11   
  
  
   
  
11 3 5.39 0.78 12.64 0.51 0.43 0.06                 
11 20 5.36 0.56 8.53 0.34 0.63 0.07 1.03 0.06 0.16 0.02 0.29 0.02 0.18 0.02 
11 40 
      
1.00 0.05 0.32 0.02 0.26 0.01 0.13 0.01 
11 75 6.26 0.56 6.65 0.27 0.94 0.09 0.55 0.03 0.23 0.02 0.07 0.01 0.09 0.01 
11 110 7.03 0.99 17.75 0.74 0.40 0.06 0.33 0.03 0.30 0.02 0.04 0.01 0.10 0.01 
11 130 11.63 0.78 6.73 0.27 1.73 0.14 0.34 0.02 0.18 0.02 0.04 0.01 0.07 0.01 








Table B. 4 (continued) 
11 225 8.78 0.68 7.96 0.31 1.10 0.10 0.51 0.03 0.21 0.02 0.06 0.01 0.07 0.01 
11 260 9.37 0.67 7.57 0.31 1.24 0.10 0.43 0.02 0.09 0.01 0.05 0.00 0.02 0.00 
11 320 10.80 0.75 8.22 0.33 1.32 0.10 0.58 0.03 0.10 0.01 0.06 0.01 0.03 0.00 
11 400 13.14 0.91 9.05 0.37 1.45 0.12 0.64 0.04 0.24 0.02 0.06 0.00 0.02 0.00 
11 600 12.93 0.91 10.04 0.38 1.29 0.10 0.68 0.03 0.12 0.01 0.07 0.00 0.02 0.00 
11 800 17.39 1.22 11.15 0.43 1.56 0.13 0.83 0.04 0.19 0.02 0.09 0.01 0.03 0.00 
11 1000 16.06 1.15 12.87 0.47 1.25 0.10 1.06 0.05 0.30 0.02 0.10 0.01 0.05 0.01 
11 1250 15.80 1.21 15.85 0.65 1.00 0.09 1.19 0.07 0.35 0.04 0.15 0.01 0.11 0.01 
11 1500 21.72 1.63 16.94 0.71 1.28 0.11 1.28 0.06 0.57 0.04 0.13 0.01 0.08 0.01 
11 1750 20.59 1.47 18.73 0.74 1.10 0.09 1.45 0.07 0.73 0.03 0.16 0.01 0.12 0.01 
11 2000 20.11 1.31 18.57 0.70 1.08 0.08 1.86 0.09 0.87 0.04 0.26 0.01 0.12 0.01 
11 2250 23.67 1.45 20.26 0.77 1.17 0.08 1.74 0.09 1.06 0.04 0.25 0.02 0.14 0.01 
11 2500 18.32 1.40 17.48 0.70 1.05 0.09 3.08 0.13 1.19 0.04 0.35 0.02 0.15 0.01 
11 2750 17.98 1.13 14.32 0.55 1.26 0.09 3.19 0.13 1.15 0.04 0.43 0.02 0.18 0.01 
11 3000 
      
3.20 0.14 2.03 0.06 0.55 0.03 0.26 0.01 
11 3500 12.34 0.89 11.91 0.46 1.04 0.08 3.62 0.14 1.80 0.06 0.79 0.04 0.48 0.03 
11 3600 12.58 1.02 15.43 0.59 0.81 0.07 3.62 0.16 2.16 0.08 0.95 0.04 0.57 0.03 
11 3625 12.82 0.89 10.85 0.42 1.18 0.09 3.94 0.17 1.94 0.08 0.98 0.05 0.68 0.03 
18 3.4 3.82 0.63 8.23 0.32 0.46 0.08                 
18 20 6.04 0.58 9.45 0.38 0.64 0.07 1.64 0.09 0.78 0.06 0.16 0.03 0.06 0.01 
18 60 5.67 0.53 7.31 0.29 0.78 0.08 1.22 0.07 0.71 0.05 0.08 0.01 0.04 0.01 








Table B. 4 (continued) 
18 150 20.39 2.34 34.72 1.30 0.59 0.07 0.44 0.03 0.34 0.02 0.05 0.00 0.04 0.01 
18 200 11.94 0.82 8.53 0.32 1.40 0.11 0.43 0.03 0.22 0.02 0.02 0.00 0.06 0.01 
18 355 8.91 0.66 7.40 0.28 1.20 0.10 0.51 0.03 0.22 0.02 0.05 0.01 0.06 0.01 
18 400 9.18 0.67 8.43 0.33 1.09 0.09 0.56 0.03 0.27 0.02 0.06 0.01 0.05 0.01 
18 600 9.80 0.79 10.71 0.41 0.91 0.08            
18 600 12.14 0.81 9.81 0.35 1.24 0.09 0.85 0.05 0.23 0.02 0.16 0.04 0.04 0.00 
18 1000 15.69 1.21 12.73 0.44 1.23 0.10 1.11 0.06 0.30 0.03 0.13 0.01 0.07 0.01 
18 1200 17.59 1.02 12.74 0.50 1.38 0.10 0.97 0.05 0.49 0.03 0.12 0.01 0.09 0.01 
18 1400 21.30 1.27 11.67 0.43 1.83 0.13 0.84 0.05 0.52 0.03 0.18 0.01 0.09 0.01 
18 1600 20.86 1.36 15.64 0.66 1.33 0.10 1.30 0.06 0.54 0.03 0.26 0.01 0.10 0.01 
18 1800 21.53 1.35 17.86 0.74 1.21 0.09 1.69 0.08 0.62 0.03 0.30 0.01 0.12 0.01 
18 2000 18.28 1.34 16.43 0.68 1.11 0.09 2.29 0.11 0.86 0.05 0.43 0.02 0.15 0.01 
18 2200 17.36 1.14 16.31 0.60 1.06 0.08 5.22 0.20 1.53 0.06 0.75 0.03 0.25 0.03 
18 2200 18.54 1.29 15.42 0.57 1.20 0.09 4.41 0.19 1.32 0.09 0.94 0.04 0.48 0.05 
18 2300 5.91 0.53 8.25 0.31 0.72 0.07 6.90 0.32 5.74 0.16 1.15 0.04 0.76 0.04 
18 2350 6.12 0.58 9.17 0.36 0.67 0.07 2.48 0.21 7.66 0.23 1.24 0.07 1.72 0.08 
18 2400 2.33 0.23 2.90 0.15 0.80 0.09 1.41 0.20 8.15 0.23 1.47 0.11 1.99 0.22 
18 2450 1.09 0.24 2.37 0.22 0.46 0.11 1.76 0.15 4.95 0.16 0.12 0.05 2.36 0.15 
18 2500 2.88 0.82 8.00 0.59 0.36 0.11 4.15 0.22 4.89 0.15 1.59 0.08 1.94 0.14 
18 2550 1.53 0.26 3.61 0.21 0.42 0.08 3.51 0.21 5.55 0.17 1.50 0.07 1.95 0.10 
18 2610 1.97 0.27 2.59 0.17 0.76 0.11 4.03 0.23 5.46 0.15 1.50 0.10 2.41 0.18 








Table B. 4 (continued) 
26 20 3.75 0.44 9.03 0.33 0.42 0.05 1.18 0.06 0.32 0.02 0.07 0.01 0.03 0.01 
26 45 13.56 1.20 19.25 0.72 0.70 0.07 1.38 0.06 0.49 0.03 0.08 0.01 0.06 0.01 
26 80 6.01 0.50 8.50 0.29 0.71 0.06 1.08 0.05 0.28 0.02 0.07 0.01 0.04 0.00 
26 100 10.29 0.79 10.03 0.31 1.03 0.09 0.89 0.05 0.57 0.03 0.08 0.01 0.02 0.00 
26 140 10.10 0.80 10.02 0.38 1.01 0.09 0.51 0.04 0.42 0.02 0.06 0.01 0.09 0.01 
26 200 18.07 1.38 13.70 0.42 1.32 0.11 0.40 0.03 0.20 0.02 0.04 0.00 0.08 0.01 
26 250 9.91 0.67 8.33 0.30 1.19 0.09 0.40 0.03 0.17 0.02 0.06 0.00 0.05 0.00 
26 335 10.10 0.77 10.53 0.34 0.96 0.08 0.41 0.03 0.12 0.01 0.04 0.00 0.04 0.00 
26 550 
      
0.62 0.03 0.17 0.02 0.09 0.01 0.04 0.00 
26 850 15.45 1.20 13.40 0.39 1.15 0.10 0.79 0.04 0.21 0.02 0.11 0.01 0.03 0.00 
26 1000 17.16 1.19 12.16 0.47 1.41 0.11 0.93 0.05 0.17 0.01 0.13 0.01 0.07 0.01 
26 1250 15.26 1.14 15.54 0.46 0.98 0.08 1.05 0.06 0.43 0.02 0.15 0.04 0.10 0.01 
26 1500 21.14 1.75 18.37 0.61 1.15 0.10 1.10 0.06 0.66 0.03 0.14 0.04 0.09 0.01 
26 1800 20.62 1.23 15.39 0.54 1.34 0.09   
  
  
   
  
26 2000 17.52 1.30 15.62 0.54 1.12 0.09 2.22 0.10 0.79 0.03 0.35 0.07 0.17 0.01 
26 2200 
      
4.53 0.20 2.26 0.07 0.84 0.16 0.59 0.03 
26 2400 5.57 0.46 6.95 0.27 0.80 0.07 3.29 0.18 2.63 0.08 0.70 0.13 0.64 0.03 
26 2550 2.31 0.29 4.13 0.17 0.56 0.07 4.82 0.17 0.28 0.02 0.75 0.21 0.67 0.03 
26 2650 
      
3.06 0.16 2.64 0.10 0.83 0.10 0.58 0.03 
26 2750 3.12 0.33 4.76 0.20 0.65 0.07 3.17 0.17 2.88 0.10 0.76 0.20 0.64 0.03 
26 3000 6.51 0.52 8.34 0.32 0.78 0.07 3.48 0.19 3.29 0.11 0.72 0.19 0.79 0.04 








Table B. 4 (continued) 
26 3900 10.67 0.86 11.95 0.48 0.89 0.08 3.00 0.47 3.56 0.10 1.18 0.32 0.80 0.03 
26 3960 13.21 1.01 13.77 0.52 0.96 0.08 3.71 0.20 2.40 0.08 0.90 0.15 0.55 0.03 
36 3 6.44 0.54 12.52 0.41 0.51 0.05                 
36 30 7.06 0.56 11.70 0.40 0.60 0.05 1.31 0.07 0.66 0.03 0.17 0.01 0.05 0.01 
36 45 6.58 0.61 13.03 0.45 0.51 0.05 1.18 0.07 0.89 0.04 0.10 0.01 0.08 0.01 
36 75 12.35 0.94 11.17 0.38 1.11 0.09 1.81 0.08 0.30 0.02 0.15 0.01 0.04 0.00 
36 130 16.74 1.20 13.04 0.51 1.28 0.10 1.06 0.05 0.23 0.02 0.10 0.01 0.02 0.00 
36 300 8.90 0.59 11.50 0.47 0.77 0.06 0.49 0.03 0.14 0.01 0.08 0.01 0.04 0.01 
36 450 9.93 0.61 10.06 0.40 0.99 0.07 0.57 0.04 0.12 0.02 0.07 0.01 0.05 0.01 
36 600 11.47 0.73 10.89 0.42 1.05 0.08 0.49 0.04 0.31 0.02 0.11 0.01 0.08 0.01 
36 1000 14.13 1.08 13.90 0.48 1.02 0.09 0.77 0.05 0.62 0.03 0.17 0.01 0.08 0.01 
36 1250 15.64 1.11 15.59 0.62 1.00 0.08   
  
  
   
  
36 1500 16.59 1.09 15.48 0.59 1.07 0.08   
  
  
   
  
36 1750 16.26 1.06 18.21 0.68 0.89 0.07 0.91 0.05 0.53 0.03 0.14 0.01 0.07 0.01 
36 2000 
      
1.63 0.07 0.38 0.03 0.20 0.01 0.11 0.01 
36 2100 16.78 1.01 18.92 0.66 0.89 0.06 2.53 0.10 0.60 0.04 0.37 0.02 0.12 0.01 
36 2200 
      
2.24 0.09 0.05 0.01 0.53 0.02 0.16 0.01 
36 2300 14.90 1.04 19.50 0.74 0.76 0.06 2.44 0.11 1.00 0.04 0.55 0.02 0.15 0.01 
36 2400 16.71 1.03 16.60 0.59 1.01 0.07 3.34 0.14 1.27 0.05 0.55 0.02 0.18 0.01 
36 2500 15.49 0.96 16.10 0.57 0.96 0.07 3.27 0.14 1.04 0.06 0.55 0.02 0.19 0.01 
36 2600 15.48 1.13 16.60 0.65 0.93 0.08 3.89 0.16 1.48 0.06 0.63 0.02 0.36 0.02 








Table B. 4 (continued) 
36 2800 15.22 0.95 16.27 0.52 0.94 0.07 3.16 0.14 1.44 0.06 0.59 0.02 0.27 0.01 
36 3000 17.38 1.31 18.79 0.54 0.92 0.07 3.46 0.14 0.96 0.05 0.56 0.02 0.17 0.01 
36 3500 19.48 1.56 20.50 0.72 0.95 0.08 2.33 0.10 0.76 0.05 0.50 0.02 0.22 0.01 
36 4000 22.06 1.57 19.37 0.53 1.14 0.09 1.82 0.09 0.77 0.05 0.28 0.01 0.10 0.01 
36 4750 19.40 1.39 17.11 0.70 1.13 0.09 2.36 0.13 1.76 0.07 4.11 2.13 0.25 0.02 
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